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Abstract 
Supercapacitors have become increasingly used in electronic devices such as 
electric cars. The expense and toxicity of some of the materials used in 
supercapacitors, such as ruthenium oxide, has necessitated finding cheaper, less toxic 
alternatives. It is furthermore of importance to increase the stability and capacitance 
of the materials utilised in order to advance the potential of supercapacitor use in 
other electronic devices. 
Metal oxides and various types of carbon compounds are materials currently 
used in the construction of supercapacitors. Previous research has found that adding a 
metal hydroxide to the metal oxide increases the stability and capacitance of the 
material. This has been evidenced in the use of layered double hydroxides (LDH). 
Layered double hydroxides are clays which contain two metal hydroxides. The initial 
literature research investigating two particular LDHs - CoAl LDH and NiAl LDH - 
show that these materials exhibit good supercapacitive qualities. Research has also 
found that the addition of graphene oxide to the LDH increases the capacitance and 
stability of the material. 
The aim of this thesis was to examine different types of LDHs containing 
various different transition metals and electrochemically compare them to CoAl and 
NiAl LDHs. The addition of graphene oxide as nanosheets to some of these LDHs 
was also performed. 
CoAl LDH and NiAl LDH were both synthesised in a pure form, and were 
found to have initial capacitance values of 1120.6 F g
-1
 and 297.4 F g
-1
 , respectively. 
CoAl LDH had a capacitance of 919.6 F g
-1
 after 200 charge-discharge cycles. The 
CoAl LDH capacitance values were larger than those seen in literature. The NiAl 
LDH values were within the range seen in literature. 
MnAl LDH and CuAl LDH were both synthesised but contained major 
impurities. MnAl LDH showed an initial capacitance of 701.6 F g
-1
 and 546.5 F g
-1
 
after 200 cycles. This was the first time a MnAl LDH had been electrochemically 
tested, and the results show that MnAl LDHs have promise as supercapacitive 
materials. The CuAl LDH sample which was electrochemically tested was found to 
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have an irreversible redox reaction, and in its current form does not show promise as 
a supercapacitive material.  
CoAl LDH-GO and NiAl LDH-GO were both synthesised and showed initial 
capacitance values of  1162.2 F g
-1
 and 1606.6 F g
-1
, respectively. CoAl LDH-GO 
showed a capacitance of 1269.7 F g
-1
 after 200 cycles. The results for CoAl 
LDH-GO are similar to those previously seen in literature. NiAl LDH-GO had larger 
capacitance values than those seen previously in literature. CuAl LDH-GO was 
formed with major impurities, and was not electrochemically tested. 
Several attempts were made to synthesise a PbAl LDH, as this has currently 
never been achieved anywhere in literature. However, all attempts were 
unsuccessful. 
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1  Introduction 
1.1 Background 
 
Energy storage is necessary in modern society so that it can be used as required 
in mobile electrical devices. The need for energy storage is becoming more important 
due to the increasing use of portable devices, such as mobile phones, tablet 
computers, and game consoles. Increasing supplies of stored energy is necessary as 
more modes of transportation use electricity to run instead of traditional fuel supplies 
(such as petrol or LPG). 
Current forms of electrical energy storage include batteries, capacitors, and 
supercapacitors. Batteries are often heavy, and can release energy too slowly for 
some specific applications. Both these issues can limit the application of batteries; 
for example, batteries do not release energy quickly enough to move a stationary 
electric car [1]. Capacitors do not store enough energy for many portable devices, but 
are capable of releasing this energy quickly - often in a matter of seconds [2]. 
Therefore, supercapacitors are often an ideal alternative to both, as they are capable 
of storing more energy than conventional capacitors (although usually not as much as 
batteries), and are able to release this energy very quickly when required. 
Supercapacitors can be used by themselves, or in conjunction with batteries to 
improve the output of certain devices [3]. 
Current commercially available supercapacitors are often expensive, have too 
much resistance, can be toxic, or do not store enough energy for the required 
application. Creating a lightweight, cheap supercapacitor with low toxicity and high 
energy storage would be beneficial for many applications [4]. Research into different 
suitable supercapacitor materials has included various types of layered double 
hydroxides (LDHs); however, more research is required to determine the optimal 
transition metals within the LDH structure. LDH materials have also been combined 
with graphene and graphene oxide (GO) to increase energy storage and quicken the 
release of energy [5, 6]. However, further investigation is necessary to better 
understand the process of inserting GO into the LDH structure. 
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1.2 Aim 
 
The aim of this project is to synthesise different LDHs and test these materials 
electrochemically to determine their suitability as supercapacitive materials. The 
project also involves the synthesis and electrochemical testing of LDH-GO hybrid 
compounds. This thesis will focus on the M
2+
/Al
3+ 
class of LDHs. The development 
of a supercapacitor cell is, however, not within the scope of the project. 
 
1.3 Objectives 
 
The following objectives were identified as necessary for the successful 
completion of the project’s aim: 
 Synthesise LDHs with different M2+ ions 
 Synthesise GO and insert delaminated nanosheets of this material into 
LDH materials 
 Investigate GO addition to confirm whether the sheets are intercalated 
into the LDH structure 
 Electrochemically test LDHs and LDH-GO hybrids to determine 
suitability for supercapacitor materials 
 
1.4 Significance 
 
The transition metals investigated in this project include some that, at the 
beginning of this research, had not been trialled in LDHs as supercapacitive 
materials. During the course of this research, some metals, such as Mn, have been 
investigated by others with differing levels of success with respect to their particular 
synthesis [7]. Other transition metals included in this study are yet to be reported in 
the literature. The ‘new’ LDHs will be compared to previously studied LDHs and 
LDH-GO hybrids, such as CoAl LDH and CoAl LDH-GO [5, 8-10]. 
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One of the ‘new’ LDHs attempted was PbAl LDH, which has never been 
successfully synthesised [11]. It has been reported that the synthesis of PbAl LDH 
should be thermodynamically possible [12]. The projected Pb oxidation state changes 
would make it an ideal metal to use in electrochemical LDH materials, as it is able to 
transfer several electrons at once, while metals in other LDHs can only transfer one 
electron. 
 
1.5 Thesis outline 
 
Chapter 2 contains a literature review, giving an overview of previous research 
in the area. In Chapter, 3: Layered Double Hydroxides, the attempted synthesis and 
characterisation of LDHs will be discussed. These samples contain Co, Ni, Mn, Cu 
or Pb, and Al. Chapter 4: Graphene Oxide discusses the synthesis and 
characterisation of GO. The GO was then delaminated into graphene nanosheets 
(GNS) in an aqueous suspension. Chapter 5: Layered Double Hydroxide-Graphene 
Oxide Compounds contains the attempted synthesis and characterisation of LDH-GO 
hybrid materials. These samples contain Co, Ni, or Cu and Al. Chapter 6: Electrodes 
describes the preparation of nickel foam electrodes coated with the LDH and 
LDH-GO samples. Cyclic voltammetry of these LDH and LDH-GO materials was 
performed to determine the specific capacitance of the samples. Chapter 7 is an 
overall conclusion of the thesis, and contains future work based on the findings of the 
research. 
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2 Literature Review 
2.1 Energy storage 
 
The main types of electrical energy storage devices are batteries and capacitors. 
Due to the increasing use of personal and industrial portable electrical devices, these 
energy storage devices need to be improved to meet the growing demand. Most 
current research on energy storage focuses on increasing both energy performance 
and the operational temperature range of these storage devices [13]. Decreasing the 
cost and reducing the waste (as many currently used components are toxic) of energy 
storage devices is also an important endeavour. 
 
2.2 Storage types 
 
There are two ways to store electrical energy: 
1 Faradaic: the oxidation and reduction of electrochemically active 
reagents. These reagents release charges that move between two electrodes 
with different potentials. 
2 Non-Faradaic: positive and negative charges are present on different 
plates, or layers, of a capacitor. The electrostatic charges are due to excess or 
lack of electrons – no chemical or phase change occurs. 
 
The Faradaic energy system involves the chemical reagents changing when 
charging and discharging; meaning they can undergo chemical reactions or phase 
changes. Due to this, Faradaic based storage devices often have a limited number of 
charge-discharge cycles, particularly if the chemical or phase change is irreversible. 
The volume of the materials within the storage device can also be altered depending 
on the reaction or phase change occurring. The energy is stored as potential chemical 
energy, which is then released as the charge flows between the anode and cathode 
electrodes; these electrodes have different potentials [3]. Batteries are a good 
example of Faradaic storage. Batteries often have different materials to act as the 
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anode and cathode. Some capacitors also have Faradaic storage – this is when 
pseudocapacitance occur [14]. 
Pseudocapacitance is when adsorbed intermediates from the electrolyte are 
involved in a Faradaic reaction (Reaction 1): 
Oad + ne
-
  Rad
       
Reaction 1 
In Reaction 1, Oad is when adsorption causes the oxidation, Rad is when the 
adsorbent is reduced, and n is the number of electrons (e
-
). The movement of charge 
(electron exchange) occurs because of the adsorbed species, which can be reversed 
by removing the adsorbent [14]. 
Non-Faradaic energy systems largely depend upon the electrostatic charges 
built up between two plates within the device. The plates may have a negative or 
positive charge. As no chemical or phase changes occur (only a transfer of electrons), 
a large number of charge-discharge cycles can occur in non-Faradaic devices. Non-
Faradaic devices usually have a low energy density, as they can only store a small 
amount of charge [14]. Increasing the surface area or making a uniform pore size to 
accommodate the electrolyte can increase the capacitance [15]. Some types of 
capacitors store energy this way by forming a dielectric between identical electrodes 
[3]. 
 
2.3 Batteries, capacitors, and supercapacitors 
 
Batteries contain chemicals which often undergo phase changes. These energy 
changes can sometimes be reversible, but this is dependent on the chemicals used as 
electrodes. This can make the life cycle of the battery limited, and the battery can 
often only be used once. Even rechargeable batteries do not have as long a charge-
discharge life cycle as capacitors do, as the reversible chemical process may only 
work a certain number of times [3]. Batteries have good energy density, but low 
power density. This means that they can hold relatively large amounts of energy, but 
release it slowly [14]. 
Capacitors usually have no chemical changes during their charge-discharge 
process, so can have a long life cycle. However, they can only store small amounts of 
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charge unless they are physically very large; batteries can generally store much more 
energy in a similar sized device. Capacitors have low energy density [3], but high 
power density; often releasing all their charge in seconds. 
Capacitors with a large capacitance (at least several farads per gram) are called 
supercapacitors, electrochemical capacitors, or ultracapacitors [13]. Supercapacitors 
need porous materials with high surface areas, such as activated carbon (which can 
have surface areas of 1000 to 2000 m
2
 g
-1
) [14]. When there is a need for a rapid 
supply of a large amount of energy, a supercapacitor is often better to use than a 
battery or conventional capacitor. 
Supercapacitors store energy as electrochemical double layer capacitors or 
pseudocapacitors [13]. Electrochemical double layer capacitors undertake the charge 
and discharge process at the electrode-electrolyte interface. Pseudocapacitors store 
and release charge due to surface oxidation-reduction (redox) reactions, or 
electrosorption [3]. As the charge-discharge process does not cause a phase change 
and is reversible, like conventional capacitors, supercapacitors have a long life cycle 
[1]. 
Supercapacitors can discharge in seconds; the discharge rate is dependent on 
what redox reaction is occurring, and the resistance of the materials and electrolyte 
within the device. Despite having a slightly lower power density than capacitors, 
supercapacitors can store 20 to 200 times greater capacitance, depending on the 
materials used [4]. A combination of pseudocapacitor materials with lithium 
electrodes has been shown to increase energy density of a supercapacitor to nearly 
the same levels as a battery [13]. However, it is important when designing a 
supercapacitor to ensure it will operate as a good supercapacitor, not a poor battery. 
It is hoped that supercapacitors can complement batteries, either by replacing 
or being used in conjunction with batteries [3]. Batteries and supercapacitors have 
different energy and power densities, which means that they are often not suitable for 
the same applications. For instance, batteries used in electric cars are often very large 
and heavy. They are unable to supply the high current energy required to move the 
vehicle on their own, particularly up hills, and would need to become even larger and 
heavier to achieve this. Supercapacitors are used in conjunction with these batteries, 
to supply energy as required in short bursts, such as when moving the vehicle from 
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standstill. The supercapacitors are lighter, and can charge regeneratively when the 
car uses its brakes. Supercapacitors can also be used to complement batteries and the 
electrical grid, such as when used for emergency back-ups to ensure a constant 
power supply for necessary equipment. There is also the potential for supercapacitor 
materials to be less expensive than those required to make suitable batteries, as they 
can be made from cheaper carbon materials rather than the more expensive metals 
typically used in batteries [1]. 
 
2.4 Supercapacitors: what they are and how they work 
 
There are two types of supercapacitors: 
 Electrical double layer capacitors (EDLC), where the double layer is a 
charge separation at the interface of the electrode and electrolyte. 
Generally, EDLCs are the most common supercapacitor device and are 
often carbon based. 
 Pseudocapacitors, where Faradaic reversible redox reactions occur, 
usually on the surface. Common materials are transition metal oxides 
and polymers. 
 
Both types of capacitance can occur simultaneously depending on the electrode 
materials, which can increase overall capacitance of the electrodes [13, 14]. Transfer 
of electric charge can occur between different phases in both types of 
supercapacitors, but neither has a bulk phase change occurring in the charge-
discharge cycle [3]. 
Pseudocapacitors can have higher capacitances than EDLCs, but have lower 
power density. The term ‘pseudo’ is used as the charge is not only electrostatic, 
whereas the capacitance stored in a capacitor or EDLC is electrostatic. As only the 
surface layer of the material is active in redox reactions, the capacitance of a 
pseudocapacitor is limited by the specific surface area of the electrode material, as 
well as the pore size and accessibility of pores for electrolyte ion transfer. Therefore, 
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one way to improve capacitance and energy density is to increase the electrode 
materials’ surface area [14]. 
Electric double layer capacitors have good power density due to the surface 
storage system of electrostatic charge between the electrode and electrolyte layers. 
The small distance between the two surfaces allows rapid movement of charge. The 
more accessible pores the material has on the surface, the greater the amount of 
charge that can be stored in the EDLC. EDLC devices can sustain a greater number 
of charge-discharge cycles than batteries, and often outlast the equipment the 
supercapacitor is used in [3]. Some EDLCs have still worked after 500 000+ charge-
discharge cycles [16]. 
One of the main target markets for supercapacitors is transportation. 
Supercapacitors are a good alternative to power electric trains through areas where 
erecting electrical wires is not possible. They have also been proposed for use in 
pulse power applications, memory protection (back-up power supply), cars, large 
industrial transport, and in military systems (such as smart weapons), as they are 
good for using in applications that require energy at a low voltage [3]. 
Advantages of supercapacitors 
 Long life cycle 
 Good power density (how fast electricity is released) 
 Low self-discharging 
 Can be used concurrently with batteries 
 Fast charge-discharge (takes seconds) 
 
Disadvantages of supercapacitors 
 Limited energy density (how much electricity is stored) 
 Depending on materials used, can be expensive 
 Poor energy density with regards to volume [14] 
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An ideal supercapacitor should exhibit a high cycle life and good stability with 
regards to the charge-discharge cycle – the charge stored should not fluctuate greatly 
with each cycle. The supercapacitor should be maintenance free, as requiring regular 
repairs or replacement would disadvantage the product and end user. The self-
discharge rate of the supercapacitor is also important, and should be designed to have 
leakage of only a few milliamperes. If the energy is not there when needed, the 
supercapacitor may be useless; particularly if intended as back up energy in 
emergencies. 
The capacitive property of a material is due to a surface adsorption reaction. 
Therefore, increasing the accessibility of the adsorption sites should increase the 
capacitance of the material. There are many different ways to achieve this, including 
using thin films, porous substrates, or dispersive agents during synthesis to control 
particle size [17]. 
 
2.5 Supercapacitor materials 
 
Electric double layer capacitors have had more development than 
pseudocapacitors. Carbon is the most commonly used material in EDLCs, and has 
been used extensively in electrodes, as supports for active material, conductive 
materials, and to control the surface area and porosity of other materials [4]. Carbon 
based materials are particularly popular due to their large surface area – activated 
carbon can have surface areas of 1000-1500 m
2
 g
-1
 and high capacitances of 
approximately 500 F in a standard electrolyte [3]. 
The double layer phenomena was first observed and modelled by Hermann von 
Helmholtz in the 1800s while investigating colloidal suspensions. The first patent for 
a supercapacitor was an EDLC, patented by General Electric in 1957. The 
supercapacitor was carbon coated on a current collector, and the electrolyte was 
sulfuric acid [13]. A 1966 patent by Sohio showed how the charge was stored in the 
double layer of their supercapacitor [4]. 
As of 2000, only carbon and RuOx based supercapacitors had been 
commercialised. Many commercial supercapacitors are made in a disc shaped cell, 
with electrodes, electrolyte, and a separator (which must be a material that permits 
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ion transfer). The electrode materials should have a high surface area, long term 
stability and a long life cycle [3]. 
The voltage of the supercapacitor often depends upon the pH and 
thermodynamic stability of the electrolyte. Aqueous solutions are often unable to be 
used in EDLCs due to the redox reaction occurring between the water and the 
electrode’s surface, which can limit the voltage. The specific capacitance is usually 
higher when electrodes are in aqueous acidic or alkaline solutions when compared to 
organic electrolytes; however, organic electrolytes can withstand a higher voltage. 
Non-aqueous electrolytes are increasingly being studied for use with carbon 
electrodes, due to carbon being able to store a large capacitance with non-aqueous 
electrolytes. Some of the non-aqueous electrolytes include diethyl carbonate, 
propylene carbonate and dimethoxy ethanol. Solid and gel electrolytes, particularly 
polymers, are also being investigated as they will enable the manufacture and 
assembly of supercapacitors to become easier. If the solid/gel electrolyte is spread 
thinly enough, the resistance is decreased when compared to liquid electrolytes [3, 4, 
13]. 
Carbon is widely used as a supercapacitor material due to its ability to act as an 
electrode by itself in EDLCs, its high corrosion resistance, high conductivity, high 
surface area (particularly activated carbon), relatively low cost, and the wide variety 
of carbon based materials available [3]. Carbon is also useful due to the fact that it 
can be used as a structural support for other materials, such as polymers or metal 
oxides. For example, placing ruthenium oxide thin films on carbon shows an 
increased capacitance when compared to the metal oxide or carbon on their own. 
These ‘hybrid supercapacitors’, which utilise both electric double layer capacitance 
and pseudocapacitance, are usually metal oxides (such as Ru, Rh, Os, Ir, Pd, Co, Ni, 
Mn, Pt and Fe) with carbon, or lithium compounds with carbon [4, 13] 
Pseudocapacitors can be made with electrodes based on powdered metal (such 
as Ru, Rh, Os, Au, In, W, V, Ni, Co, and Nb), bromides, chlorides, nitrates, 
phosphides, transition metal oxides and polymers [4]. Unfortunately, polymer based 
electrodes are not always stable long term [3]. A good way to increase the 
capacitance in a pseudocapacitor is to ensure the electrode material can go through 
multiple oxidation states; this creates more intermediates to occur in the redox 
reaction [4]. 
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Although it is the most widely used metal oxide, ruthenium oxide has many 
negative traits; it is expensive, toxic, and largely limited to use in small devices. 
Other types of metal oxides, such as those containing Fe, V, Ni, Co and Mn, are less 
expensive and have attracted some research towards their suitability for applications 
in supercapacitors [18]. It has been found that MnO2 is a suitable material to use in a 
hybrid supercapacitor with carbon. As a result, manganese oxide has been researched 
as an inexpensive alternative to ruthenium oxide. As pseudocapacitors store their 
charge on their surface, it has been suggested that decreasing the particle size will 
increase the active surface material and increase capacitance. This has led to 
investigations of metal oxide thin films, as the charge is only stored within 
nanometres of the surface. Some of these thin films have shown both EDLC and 
pseudocapacitance behaviour. However, thin films increase the cost of 
manufacturing the supercapacitor, and limits its applications [13]. 
Nickel oxides and cobalt oxides have also been shown to be suitable 
alternatives to ruthenium oxide. It has been observed that mixing cobalt oxide in the 
nickel hydroxide structure improves conductivity and electrochemical performance 
of the nickel hydroxide [8]. The structures of both cobalt oxide and nickel hydroxide 
are not very stable over many cycles, and the specific capacitance is quite low. It was 
found that adding a trivalent hydroxide (such as aluminium hydroxide), stabilised the 
nickel hydroxide. Therefore, research began on whether layered double hydroxides 
(LDHs) could be a new suitable material for pseudocapacitors. They have an 
advantage of being relatively environmentally friendly, inexpensive to produce, and 
many kinds of layered double hydroxides can be easily produced in large quantities 
[19]. 
 
2.6 Layered double hydroxides 
 
Layered double hydroxides are a type of anionic clay, consisting of mixed 
metal cation hydroxide layers separated by hydrated charge balancing anions. 
Layered double hydroxides have a similar structure to the naturally occurring 
hydrotalcite clay, which has a chemical formula of [Mg6Al2(OH)16CO3·4H2O]. The 
structure of hydrotalcite can be seen in Figure 1. Thus, layered double hydroxides are 
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often known as hydrotalcite-like compounds [17, 20-22]. The general formula of 
LDHs is  
[M
2+
1-xM
3+
x(OH)2](A
n-
)x/n·mH2O 
 where M
2+
 is a divalent metal cation, M
3+
 is a trivalent metal cation, A
n-
 is the 
interlayer charge balancing anion, n is the charge, m is the number of water 
molecules and x is the M
3+
 molar fraction. 
 
 
Figure 1: Hydrotalcite structure 
 
The metals are often divalent and trivalent cations, however it is possible to use 
some monovalent and tetravalent cations in their place, such as Li
+
 and Ti
4+
 [20]. 
LDHs have been synthesised with two divalent and one trivalent cations, one 
divalent and two trivalent cations, and monovalent and tetravalent cations [23]. The 
main limitation on what metal cations can be used is their radii; it must not be too 
different from Mg
2+
 and Al
3+
 or the structure cannot form, or is unstable [24]. 
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Commonly used metals include Mg, Zn, Ni, Al, Ga, Fe, Mn, Ca, In, V, Cr, Co 
and Cu, usually as divalent or trivalent cations [20, 23]. The most commonly seen 
interlayer anion in LDHs is carbonate, as it has a particularly high affinity for LDH 
formation. Other anions which have been reported to be used in LDHs include 
halides, oxoanions, oxometalates, polyoxometalates, and organic anions [23, 25]. 
The ‘preference’ of affinity for anions in LDH compounds are as follows: 
CO3
2-
>SO4
2-
>OH
-
>F
-
>Cl
-
>Br
-
>NO3
-
>I
-
 
The ability to have such a variety of cation metals and interlayer anions means 
there are a great variety of synthesised materials, and a wide range of applications. 
The relatively mild reaction conditions for LDHs (in terms of pressure, pH and 
temperature) enables many organic and biological molecules to remain intact 
throughout the synthesis [19]. 
As the properties of the LDH can be altered based on the metal cations and 
interlayer anion, the applications of LDHs include: catalysts, biomaterials, polymer 
additives, environmental materials (such as water treatment to ‘trap’ anionic 
pollutants), thin film applications, fire retardant additives, anti-corrosion coatings, 
and controlled drug release in medications (pharmaceutical compounds used as the 
interlayer anion) [20, 21, 24, 26-28]. The electrochemical properties of some LDHs 
has created interest in the use of LDH materials as electrode modifiers/materials and 
sensors [19]. 
There are several ways to synthesise LDH compounds. Most are generally easy 
and inexpensive to undertake. All synthesis methods form by-products which require 
washing with large amounts of water to remove. The route of synthesis is often 
chosen due to the desired interlayer anions. The main synthesis methods are outlined 
below. 
2.6.1 Urea method 
 
The urea method is when an aqueous solution of urea and an aqueous solution 
of the desired metal salts are mixed together and gently heated. The urea hydrolyses 
in the aqueous solutions, leaving ammonia and carbonate ions in solution. This 
causes the pH of the solution to gradually increase to approximately pH 9, at which 
point precipitation of metal hydroxides occurs [28]; or when more than one metal salt 
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is present, layered double hydroxides precipitate. The only possible interlayer anion 
using the urea method is carbonate. The particles are generally a hexagonal shape, 
and the particle size of LDHs formed this way is usually larger than other synthesis 
methods. The size of the particles can be controlled by the concentration of the urea 
solution, and the temperature of the reaction [23]. 
2.6.2 Co-precipitation method 
 
Co-precipitation is the most common method to synthesise LDHs. An alkaline 
solution and an aqueous mixed metal salt solution are mixed and aged to form the 
LDH. The interlayer anion can be chosen (as opposed to the urea method), and can 
be present in either solution. It is important to keep in mind the affinity of the anion 
(as mentioned previously) to ensure the desired interlayer anion ends up in the 
structure. The particle size can be controlled by the ageing temperature or length of 
ageing time. Mild ageing generally forms smaller particle sizes. However the size is 
not always uniform, as the particles which form first have a longer time to grow. 
There are two slight variations of the co-precipitation method: 
Constant pH method – the two solutions are added together slowly so that the 
pH remains constant. An advantage of this is that impurities, such as M(OH)2 or 
M(OH)3, are less likely to form. A pH of 10 generally forms well structured, 
crystalline LDHs with low impurities. 
Variable pH method – as with the urea method, both solutions are mixed 
together at once. The solution is then aged. The chance of impurities is increased. 
However, it is easier to control the atmosphere to prevent carbonate anions from 
replacing the desired interlayer anions [23, 28]. 
2.6.3 Microwave Synthesis 
 
The microwave synthesis of LDHs is when the aging step of the reaction takes 
place in a microwave. The microwave irradiation allows for a rapid aging process, 
which is usually around 15-60 minutes [29, 30]. Both urea and co-precipitation 
methods can be used in a microwave synthesis [30, 31], with the microwave aging 
instead of a reflux aging. The microwave aging results in a homogeneous particle 
size, which is smaller than particles made from reflux aging [32] and often has a 
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higher specific surface area [33]. The shorter aging time can also help prevent 
impurities which may be formed during long aging methods [34]. 
2.6.4 Ion-exchange method 
 
The ion-exchange method is used when the desired interlayer anions are not 
able to be produced using the co-precipitation or urea methods. The desired anions 
replace the anions present in a previously prepared LDH. Chlorides and nitrate 
anions are often used in the prepared LDHs as they can be easily replaced with a 
wide range of inorganic and organic anions. The desired anion cannot be too large 
compared to the anion it is being exchanged with, otherwise it may not ‘fit’ into the 
interlayer region [28]. 
2.6.5 “Memory effect” 
 
The “memory effect” (also called the calcination-rehydration method) of LDHs 
involves calcination at mild temperatures (usually under 500 
o
C) to form mixed 
metal oxides with high surface areas. The oxides are then placed into an aqueous 
solution containing the desired interlayer anion under an inert atmosphere. The LDH 
then reforms into the original layered structure, but with the new interlayer anion. If 
the sample is calcined at a temperature that is too high, the “memory effect” no 
longer takes place. It is also possible to reform some LDHs by flowing water vapour 
over the sample. This method is useful when the desired interlayer anion is large [23, 
26, 28, 35]. 
 
2.7 Graphene oxide 
 
Graphene oxide (also known as graphite oxide or graphitic oxide) is a 
hydrophilic nonstoichiometric carbonaceous material, consisting of graphene sheets 
with epoxides, alcohols, carbonyls, carboxylic and ketone groups attached to the 
surface. The exact structure of graphene oxide (GO) is difficult to determine, and the 
exact number of functional groups which attach to the surface is currently unknown 
[36]. The amount of functional groups can vary based on the synthesis method – 
some methods are known to oxidise graphite better, and may result in a greater 
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number of functional groups on the surface. Some structure models, such as the Lerf-
Klinowski structure model (Figure 2 a), show a flat carbon structure covered in 
alcohols, ethers and carboxylic groups [37]. Others, like Szabo structure model 
(Figure 2 b), shows the carbon layer in cyclohexane chair conformation, with random 
dispersion of alcohol and ether groups on either side of the surface [38]. 
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a) 
 
b) 
 
Figure 2: a) Lerf-Klinowski and b) Szabo GO structures 
 
Graphene oxide was first synthesised by Brodie in 1859. Two other well-
known synthesis methods are the Staudenmaier, first performed in 1898, and the 
most commonly used Hummers and Offeman method, from 1958 [36]. All three 
syntheses involve the oxidation of graphite with acid. The Brodie method consists of 
repeatedly treating graphite with a mixture of potassium chlorate and fuming nitric 
acid. The Staudenmaier method is oxidising graphite in concentrated sulfuric and 
19 
 
nitric acids with potassium chlorate. Both of these methods are hazardous and time 
consuming – the potassium chlorate has to be added slowly and carefully over the 
course of a week, and the mixture forms chlorine dioxide, a toxic gas which can 
explosively decompose, and needs to be carefully removed. The formation of 
chlorine dioxide means the synthesis is a potential hazard for the entire length of the 
reaction [39, 40]. 
The Hummers-Offeman method can take place in 2 hours and is reasonably 
safe compared to other synthesis methods at low temperatures. The graphite is 
oxidised in a solution of sodium nitrate, sulfuric acid and potassium permanganate 
[40]. While not explosive at low temperatures, this method can still evolve toxic gas. 
Modified versions of the Hummers-Offeman method remove the sodium nitrate, 
which prevents the production of NO2 and N2O4 gases [36]. 
Once the graphene oxide has been synthesised, it is able to be chemically 
reduced to graphene or can be dispersed into a stable colloid solution of graphene 
oxide sheets [41]. While graphene sheets can stack into layers, even reforming into 
graphite due to van der Waals interactions, graphene oxide sheets are stable and stay 
in solution [2, 42]. 
Graphene oxide and graphene based materials have been used in solar cells, 
lithium ion batteries and catalysts. They also have been used in supercapacitors, 
including as graphene-metal oxide composite materials. One of the difficulties with 
using graphene based materials is the inability to make graphene in large bulk 
quantities [41]. 
 
2.8 Use as capacitive materials 
 
2.8.1 LDHs 
 
Interest in researching Ni or Co based LDHs for supercapacitive materials is 
due to their low synthesis cost, good conductivity, variable structure, and as a more 
environmentally friendly material compared to some other studied metal oxides [18]. 
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One of the first investigations into LDHs as supercapacitive materials was 
reported by Wohlfahrt-Mehrens et al. [43] in 2002. Both NiAl LDH and CoAl LDHs 
were prepared, and the results suggested that CoAl LDH would be suitable for 
investigation as a supercapacitive material with a capacitance of around 360 F g
-1
 
reported. They found that NiAl LDH had a much lower capacitance of 12 F g
-1
. The 
surface areas of both LDHs were not reported. 
Wang, Y. et al. heated a CoAl LDH sample to 160 
o
C to form a layered double 
oxide (LDO), and found the specific capacitance to be 684 F g
-1
. They attributed this 
to the active Co sites becoming more exposed. After 1000 cycles, 80 % of the initial 
capacitance was retained [8]. Wang, J. et al. found that CoAl LDH had a specific 
capacitance of 163.1 F g
-1
 [44]. A sample of CoAl LDH which was synthesised using 
the “memory effect” phenomena showed a slight increase of capacitance to 187 F g-1 
[9]. 
NiAl LDHs were also investigated as LDOs – when calcined to 450 oC, the 
resulting NiAl LDO showed a capacitance of 419 F g
-1
 [45]. A urea synthesis of 
NiAl LDH which used ethanol instead of aqueous solutions, resulted in a much 
larger surface area than normal and a capacitance of 477 F g
-1
, with only a 5 % loss 
of capacitance after 400 charge-discharge cycles [46]. 
Significantly more research has been performed on CoNi LDHs. Liu et al. [18] 
found a specific capacitance of 960 F g
-1
 in a 6 M KOH electrolyte. The impedance 
studies suggested the majority of electrochemical behaviour is due to Co rather than 
Ni. Hu et al. [47] synthesised a CoNi LDH using the co-precipitation method, and 
measured a specific capacitance of 1809 F g
-1
 with 90.2 % of the initial capacitance 
remaining after 1000 charge-discharge cycles. Xie et al. [48] investigated whether 
the ratio of Co to Ni affected the capacitance of the material, and found that a CoNi 
LDH with a ratio of 0.57 Co to 0.43 Ni worked best. The capacitance of this 
Co0.57Ni0.43 LDH material was initially 2614 F g
-1
, and 1986 F g
-1
 after 1000 charge-
discharge cycles. 
Various other combinations of metals cations have been used: such as CoIn and 
CoCr, with capacitances of 161.0 F g
-1
 and 79.3 F g
-1
 respectively [49]; CoFe with a 
capacitance of 138 F g
-1
, and unsuccessful attempts to synthesise MnAl and MnFe 
LDH [7]; as well as ZnCo LDH, with a capacitance of approximately 170 F g
-1
 [50], 
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and a LiAl LDH with a capacitance of 848 F g
-1
. However, the LiAl LDH exhibits 
poor charge-discharge performance and loses 60 % capacitance after 100 cycles [51]. 
Other transition metals may show large capacitances when used in a LDH. As 
of yet, no one has ever successfully synthesised a LDH containing Pb. This may be 
due to the fact that much research with LDHs and lead has been based on removing 
Pb cations from polluted water [52-56]; previously there was limited need for the 
creation of a Pb based LDH. However, due to the redox potential of Pb and the 
amount of exchangeable electrons, Pb is an ideal candidate for a supercapacitive 
LDH material. It is thermodynamically possible to synthesise a Pb containing LDH 
[12]. However, due to the possibility of creating kinetically more favourable 
products, this has proven difficult to achieve [11]. It would be quite favourable to 
successfully synthesise and electrochemically test a Pb containing LDH, to determine 
whether it is worth further investigation. 
 
2.8.2 Graphene oxide 
 
Due to the chemical stability, large surface area, and electric conductivity, 
graphene based supercapacitors are heavily researched. Unlike other carbon based 
materials, the surface area of graphene is not dependant on the available pore 
distribution, and is more reliant on the layers (or sheets) of the graphene material 
[41]. Graphene can have a theoretical specific surface area of up to 2600 m
2
 g
-1
 when 
in a one atom thick sheet [57]. 
Another promising feature of graphene as a supercapacitor material is due to 
their flexible nature; other carbon based materials, such as activated carbon, are quite 
rigid. The functional groups present in graphene oxide can also have a positive effect 
on the capacitance [41]. 
The capacitance of graphene is limited by the stacking of the atom thick 
graphene nanosheets. Preventing the ‘stacking’ of graphene nanosheets will cause a 
higher surface area and increase the capacitive ability of the material. One way to 
stop the stacking is by growing other functional materials on the surface of the 
graphene nanosheets. The use of transition metal oxides and polymers has been 
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popular for this application [58]. Layered double hydroxides are also a way to 
prevent this ‘restacking’ of graphene nanosheets [10]. 
 
2.8.3 LDH-carbon composites 
 
One of the first times that a carbon compound and a LDH was combined to 
make an electrode, was when Wang et al. [59] made a hybrid supercapacitor with 
activated carbon as the negative electrode and CoAl LDH as the positive electrode. 
When tested in a 6 mol L
-1
 KOH electrolyte solution, it was found to have a specific 
capacitance of 77 F g
-1
, and maintained 90 % of its initial capacity after 1000 
charge-discharge cycles. 
Another way that LDH and a carbon material were used together was by 
mixing CoAl LDH with multiwall carbon nanotubes. By itself, the CoAl LDH had a 
capacitance of 192 F g
-1
. When a mixture with 10 %wt of carbon nanotubes was 
made, the capacitance increased to 342 F g
-1
, and remained at 304 F g
-1
 after 400 
charge-discharge cycles. It was believed the carbon nanotubes increased the electric 
conductivity and the surface area of the mixture [60]. 
A CoAl LDH/activated carbon hybrid material was formed by adding activated 
carbon to the urea synthesis. The increased surface area of this compound, compared 
to standard CoAl LDH, suggested that the LDH crystals formed during the synthesis 
on the active sites of the carbon surface. Some of the samples were then heat treated. 
The porosity of the material was also increased, which would ensure the electrolyte 
reached more of the material’s surface. However the capacitance results for this 
material did not significantly increase compared to the pure activated carbon; 
activated carbon had a capacitance of 75 F g
-1
, while the hybrid sample that was 
heated to 300 
o
C had a capacitance of 79 F g
-1
 [61]. 
Initially, mixing graphene materials and pseudocapacitive materials began with 
research growing metal oxides or hydroxides, such as RuO2 and Ni(OH)2, on the 
surface of graphene and graphene oxide. This is an effective way to prevent the 
restacking of graphene nanosheets, as restacking lowers the capacitive properties of 
the material. By combining graphene with pseudocapacitive materials, it is possible 
to create better supercapacitors cost effectively [2]. By synthesising graphene and 
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pseudocapacitive materials together to form a hybrid compound, the contact area 
between the surfaces is increased, which can improve the conductivity, electron 
transfer, and speed of the charge-discharge cycle [20]. As research into LDHs as 
supercapacitor materials increased, the idea of using them instead of the metal oxides 
or hydroxides in hybrid carbon/pseudocapacitive materials was investigated. 
Due to the negatively charged surface of GO sheets when exfoliated in aqueous 
solutions, and the positively charged cations involved in the formation of an LDH, it 
is believed that the metal cations would adsorb to the surface of the GO and the LDH 
would form around the cation [5, 6, 10, 62]. A generally accepted view of this 
formation can be seen below in Figure 3. 
 
 
Figure 3: Synthesis of graphite to GO and LDH-GO compound 
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The majority of evidence given to support the growth of LDH growing on the 
surface of the graphene oxide has been given by the change of d spacing between 
planes in the atomic lattice using x-ray diffraction (XRD) patterns, or by examing the 
sample using scanning electron microscope (SEM) or transmission electron 
microscope (TEM) images [10, 58, 60]. It is difficult to tell from the images whether 
the LDH and GO sheets are ‘attached’ through bonding as suggested, or whether 
they are just lying on top of each other. While the imaging does indeed suggest the 
GO sheets have been prevented from restacking, it is unclear whether this is due to 
LDH forming on the surface. Research needs to be done to determine whether LDH 
and GO are indeed forming a compound rather than a mixture. 
One of the first instances of growing LDH on to a GO surface was in 2010, 
when Li et al. [6] synthesised NiFe LDH on GO nanosheets using the urea synthesis 
method. Their results suggested that synthesis reduced the GO to graphene, and the 
formation of the NiFe LDH prevented the graphene nanosheets from restacking. 
TEM imaging showed that the NiFe LDH particles were randomly formed over the 
graphene nanosheet surface. No electrochemical testing was performed on this 
material to determine suitability as an electrode material, although the authors 
suggested that it may be useful for this purpose. 
The majority of LDH/GO research has focused on forming CoAl LDH on GO. 
Chen et al. [5] used a co-precipitation synthesis to form CoAl LDH on GO sheets. 
They found the specific capacitance of their material to be 1137 F g
-1
 when using a 
6 M solution of KOH as the electrolyte. After 500 cycles, 12 % of this capacitance 
was lost. This differs to the capacitance found by Huang et al. [10], who made their 
CoAl LDH/GO hybrid by the urea synthesis method and used a 1 M solution of KOH 
for the electrolyte. They found their microsized CoAl LDH/GO material to have a 
capacitance of 581.6 F g
-1
, which was an improvement from the 466.5 F g
-1
 
capacitance they measured for pure CoAl LDH. Zhang et al. [62] also used the urea 
synthesis method, and found that the urea reduced the GO to graphene nanosheets. 
They performed several syntheses, each with an altered amount of GO. It was found 
that the more GO added, the poorer the crystallisation of the CoAl LDH particles 
which they suggest could alter the performance of the compound. The best weight 
percent of graphene nanosheets in the compound for capacitance values was 9.3 %. 
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In a 6 M KOH solution, this compound gave 711.5 F g
-1
, and maintained 81.2 % of 
this capacitance after 2000 charge-discharge cycles. 
Wang et al. [63] exfoliated previously made CoAl LDH into nanosheets in a 
formamide solution. Graphene oxide nanosheets in aqueous suspension were added 
to the CoAl solution, which immediately formed a precipitate together. SEM and 
TEM imaging was taken, including cross sectional SEM to look at the layered 
structure. The composite showed loose layering, which they attributed to the opposite 
charges of the metal cations and GO causing alternated layering of LDH and GNS. 
The specific capacitance was 1031 F g
-1
 in a 1 M KOH electrolyte. 
NiAl LDH synthesised on GO nanosheets have been investigated, but not as 
often as CoAl LDH. Gao et al. [58] synthesised a NiAl LDH-GNS composite using 
the urea synthesis method. The specific capacitance of this material was 781.5 F g
-1
 
in a 6 M KOH electrolyte, with an increased capacitance after 200 charge-discharge 
cycles. They report the LDH grew homogeneously on the surface of the graphene, as 
inferred from SEM and TEM imaging. Niu [64] reduced the GO to graphene 
nanosheets prior to reacting with the NiAl LDH to form a NiAl LDH-graphene 
nanosheet compound. The specific capacitance of this compound was 1730 F g
-1
 in a 
6 M KOH solution. This was compared to a NiAl LDH-graphene compound formed 
by placing GO in with the urea synthesis (as done by prior references), which had a 
capacitance of 260 F g
-1
. 
The use of LDH materials containing Co and Ni have been previously 
investigated, and show good capacitance values. These values increase with the 
addition of GO, regardless of whether the GO enters the LDH structure or forms a 
mixture. Investigation of other transition metals, whether by changing the M
2+
 or M
3+
 
cation in the LDH structure, needs to continue to determine whether other LDHs will 
have even better capacitance or long term stability than Co and Ni containing ones.  
The aim of this thesis is to make a variety of LDH materials with different 
transition materials, especially ones which have not been previously investigated, 
and test their supercapacitive properties. Comparing new materials to those 
previously researched is difficult due to all the variations in synthesis, electrolytes, 
surface areas and porosity of materials, so several LDHs which have already been 
researched by others, such as CoAl and NiAl LDHs, will be made and investigated 
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for comparison. The interaction between the LDH and GO in LDH-GO materials will 
also be studied. 
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3 Layered Double Hydroxides 
 
In this chapter, the synthesis of various LDHs will be discussed. The first 
LDHs prepared were those studied previously by other authors, CoAl LDH and NiAl 
LDH, as it was known they would be suitable supercapacitive materials to compare 
with other LDHs. Other LDHs were chosen for synthesis based on their redox 
reactions and reduction potential values, and many did not have substantial presence 
in the literature as supercapacitive materials. 
 
3.1 Experimental 
 
3.1.1 Synthesis of samples 
 
All samples were prepared using either the urea synthesis or co-precipitation 
method. All solutions were prepared with 18.2 MΩ ultrapure water (250 mL), unless 
otherwise stated. All references to water for the rest of the thesis will be 18.2 MΩ 
ultrapure water, unless otherwise clarified. If both NaOH and Na2CO3 were used in 
the co-precipitation method, then they were in the same solution; making one 
solution for the metal salts, and one solution for the urea or reagents used in the co-
precipitation method. The concentration of all solutions can be seen in Table 1. All 
solutions were aged with stirring at a set temperature for a length of time, which has 
been reported in the table. The solutions were added at the same time for the urea 
method. The NaOH/Na2CO3 (if included) solution was usually added to the metal 
salt solution using a peristaltic pump at a rate of 30 mL minute
-1
. This was altered for 
the CuAl LDH-1 sample, for which the metal salt solution was added to the 
NaOH/Na2CO3 solution using the peristaltic pump. Once aging was over, all samples 
were vacuum filtered and washed with water. Samples are referred to as LDH in their 
identification whether they were successfully made or not. 
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Table 1: Synthesis Parameters for LDH Samples 
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3.1.2 Calcination of CoAl LDH-2 to CoAl LDO 
 
Approximately half of the CoAl LDH-2 sample was placed in a furnace, which 
was ramped to 267 
o
C at 5 
o
C/minute. The temperature was held at 267 
o
C for 12 
hours. The sample was then cooled to room temperature naturally (by itself, no 
cooling aid). This sample was designated as CoAl LDO. 
 
3.1.3 Rehydration of CoAl LDO to LDH 
 
Two 100 mL aqueous solutions were made: 0.5 M NaCl (AR grade, Merck) 
solution, and 0.5 M Na2CO3 (anhydrous, Chem-Supply) solution. CoAl LDO 
(0.2759 g) was placed in the NaCl solution, and CoAl LDO (0.2528 g) placed in the 
Na2CO3 solution. Both solutions were stirred at room temperature for 48 hours, 
separately vacuum filtered and washed with water. 
 
3.1.4 pH collection 
 
PbAl LDH-3 had pH readings collected as it was being synthesised due to 
previous unsuccessful attempts to form an LDH with PbAl LDH-1 and PbAl LDH-2. 
It was suspected that the synthesis was occurring in an inappropriate pH range for the 
formation of an LDH. A pH probe was connected to a TPS 900-I3 3 Channel 
Specific Ion pH-mV meter, which sent pH data to an attached computer.  
 
3.1.5 Sample characterisation techniques and instrumentation 
 
X-ray diffraction (XRD) patterns were collected using a PANalytical X'Pert 
PRO MPD Powder X-ray Diffractometer with either cobalt or copper Kα incident X-
ray tubes operating at 40 kV and 40 mA. Samples were ground in a mortar and pestle 
prior to analysis. The diffracted beam monochromator was removed for all samples 
and samples were spun during data collection to improve intensity and particle 
statistics respectively. 
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Phase identification was performed using the PDF-2 database of the 
International Center for Diffraction Data (ICDD) in X’Pert Highscore Plus. 
Refinements were carried out in the Total Pattern Analysis Solutions (TOPAS) 
software (version 4.1, Bruker). An instrument function was empirically derived from 
a pattern of NIST SRM 660a. This allowed for the determination of the coherently 
scattering domain size (Dv) from integral breadths. Whole powder pattern 
decomposition methods (Pawley) were used with refinement of a Chebshevy 
background, a 1/x background function, microstructure terms as required (turned off 
if error was greater than parameter), unit cell parameters, and sample displacement. 
Previously determined emission profiles for this particular diffractometer were 
employed. 
Scanning electron microscopy (SEM) images were taken using a Zeiss Sigma 
VP Field Emission Scanning Electron Microscope (FE-SEM) with a Zeiss Gemini 
column. Samples were placed on an aluminium stub covered in carbon tape. The 
stubs were then sputter-coated with carbon. Energy-dispersive x-ray spectroscopy 
(EDS) was performed using the Oxford XMax 50 Silicon Drift (SDD) EDS detector 
attached to the FE-SEM instrument.  
Fourier transform infrared spectroscopy (FT-IR) was performed on a Nicolet 
5700 FT-IR with a Smart Endurance Diamond ATR accessory. The spectra were 
collected by co-adding 64 scans at 4 cm
-1
 resolution, range 4000-650 cm
-1
, and 
mirror velocity = 0.6329. The spectra were ATR collected and displayed as 
absorbance spectra. 
Gas sorption analysis was used to determine surface area and pore size 
distribution. It was performed using a Micromeritics Tristar II 3020 Surface Area 
Analyzer instrument with nitrogen gas as the adsorbent.  
Thermogravimetric analysis (TGA) was performed on a TA Instrument Q500 
series thermal analyser. All samples were heated from 25 
o
C to 1000 
o
C on a Pt 
weighing pan and heated in a nitrogen gas atmosphere. The flow rate of nitrogen was 
40 mL/min and the heating ramp was 5 
o
C per minute. 
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3.2 Results and discussion 
 
3.2.1 Cobalt aluminium LDH 
 
CoAl LDH-1 and CoAl LDH-2 were both pink precipitates. CoAl LDO was 
black, and both rehydrated samples were a very dark olive green. 
 
3.2.1.1 XRD 
 
 
Figure 4: XRD patterns of CoAl LDH-1 and CoAl LDH-2 
 
Both CoAl LDH-1 and CoAl LDH-2 samples show similar XRD patterns 
(Figure 4), and match well to zinc aluminium carbon hydroxide hydrate (PDF 00-
048-1024), a ZnAl LDH. This shows that the formation of CoAl LDHs were 
successful. All d spacings in this thesis are determined from the (0 0 3) peak, as that 
is the peak associated with the interlayer spacing of the compounds. CoAl LDH-1 
has a d spacing of 7.498 Å, and CoAl LDH-2 has a d spacing of 7.571 Å. They both 
have an approximate domain size of 23.5 nm (23.6 and 23.4 nm respectively). 
The CoAl LDO pattern in Figure 5 matches with the reference pattern for 
cobalt aluminium oxide (Co2AlO4) (PDF 01-077-1515). The pattern for CoAl LDO 
has altered from the starting material CoAl LDH-2, showing that the CoAl LDH-2 
has changed to CoAl LDO when calcined at 267 
o
C. 
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Figure 5: XRD patterns of CoAl LDO and CoAl LDH-2 
 
3.2.1.2 IR 
 
 
Figure 6: IR spectra of CoAl LDH-1, CoAl LDH-2 and CoAl LDO 
 
Both CoAl LDH-1 and CoAl LDH-2 have broad hydroxyl vibrations at 
3390 cm
-1
, water bending vibrations at 1580 and 1600 cm
-1
 respectively, and 
carbonate vibrations at 1400 and 1360 cm
-1
 respectively. CoAl LDO has an OH 
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stretch at 3410 cm
-1
 and a water bending vibration at 1650 cm
-1
. These vibrations 
may be present due to the time frame between preparing the LDO sample and 
collecting the IR spectrum, as LDO samples can react with air and reform into the 
original LDH structure, and the sample had not been stored under vacuum. The 
reformation due to exposure to air is supported by the XRD pattern, as the XRD 
pattern was collected within days of the calcination and showed an LDO. However, 
there may be some residual hydroxides still present in the LDO after calcination. The 
lack of carbonate vibration in the CoAl LDO spectrum shows the loss of the 
interlayer anion in the structure when the sample was heated. 
 
3.2.1.3 Gas sorption 
 
Table 2: CoAl Gas Sorption Data 
 CoAl LDH-1 CoAl LDH-2 CoAl LDO 
Single point surface area at p/p
o
 = 0.252 
 
7.6 m
2
 g
-1
 
at p/p
o
 = 0.253 
 
6.8 m
2
 g
-1
 
at p/p
o
 = 0.246 
 
244.0 m
2
 g
-1
 
Brunauer-Emmett-Teller 
(BET) surface area 
7.7 m
2
 g
-1
 6.9 m
2
 g
-1
 246.1 m
2
 g
-1
 
Langmuir surface area 10.5 ± 0.2 m
2
 g
-1
 9.5 ± 0.3 m
2
 g
-1
 331.5 ± 16 m
2
 g
-1
 
t-Plot micropore area 2.6 m
2
 g
-1
 0.63 m
2
 g
-1
 Not reported by 
instrument 
t-Plot external surface area 5.1 m
2
 g
-1
 6.3 m
2
 g
-1
 328.7 m
2
 g
-1
 
Barrett-Joyner-Halenda 
(BJH) Adsorption surface 
area of pores between 
17.000 Å and 3000.000 Å 
width 
4.6 m² g
-1
 5.6 m² g
-1
 228.4 m² g
-1
 
BJH Desorption surface area 
of pores between 17.000 Å 
and 3000.000 Å width 
4.6 m² g
-1
 6.1 m² g
-1
 200.8 m² g
-1
 
Adsorption average pore 
width (4V/A by BET) 
113.4 Å 112.7 Å 28.9 Å 
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a) 
 
b) 
 
c) 
 
Figure 7: Isotherms linear plots of a) CoAl LDH-1, b) CoAl LDH-2 and c) CoAl LDO 
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The BET surface area will be discussed for all following samples in the thesis, 
as the BET and Langmuir transform plots show that the BET surface area is more 
accurate than the Langmuir surface area. The BET transform plots have a slope that 
intercepts zero and matches the data points well, whereas the Langmuir transform 
plot slopes do not match with the data points. BJH results are collected assuming the 
sample has cylindrical pores, and may not be accurate as many of the samples 
investigated throughout the thesis have slit pores. 
CoAl LDH-1 and CoAl LDH-2 have specific surface areas of 7.7 m
2
 g
-1
 and 
6.9 m
2
 g
-1
 respectively. CoAl LDO shows a very large increase in surface area 
compared to that exhibited by the starting material of CoAl LDH-2, with a specific 
surface area of 246.1 m
2
 g
-1
. The isotherm of CoAl LDH-1 and CoAl LDH-2 (seen in 
Figure 7 a and b) show a Type II classification, which suggests that the samples are 
non-porous. This may account for their small BJH adsorption pore specific surface 
area results of 4.6 m
2
 g
-1
 and 5.6 m
2
 g
-1
 respectively. The isotherms also follow the 
IUPAC hysteresis classification of H3, which shows that they contain slit pores. This 
is expected from an LDH due to their hexagonal platelet structure, which often sit 
flat upon each other (this will be seen later in Figure 9 SEM images). The CoAl LDO 
isotherm (Figure 7 c) shows Type I, which suggests the sample is microporous. 
 
3.2.1.4 TGA 
 
 
Figure 8: TGA-dTG of CoAl LDH-2 
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The TGA-dTG of CoAl LDH-2 (Figure 8) shows an initial mass loss at 147 
o
C, 
which is the loss of adsorbed and interlayer water from the sample. The next loss at 
209 
o
C is the dehydroxylation of OH
-
 anions. The final major mass loss at 267 
o
C is 
the removal of the carbonate interlayer anion, which is evolved as carbon dioxide. 
The remaining sample is a mixed metal oxide. The mass losses occur in the 
temperature range suggested in literature [23, 25, 65]. These results were used to 
determine the lowest temperature required to form CoAl LDO, which is 267 
o
C. This 
result was used earlier in Section 3.1.2 where CoAl LDH-2 was calcined to CoAl 
LDO. 
 
3.2.1.5 SEM 
 
a) 
 
b) 
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c) 
 
Figure 9: SEM images of a) CoAl LDH-1 and b,c) CoAl LDO 
 
The SEM image of CoAl LDH-1 (Figure 9 a) shows flat hexagonal platelets, 
which appear to be similar in size. This is expected for a LDH material to have, and 
is the reason for the slit pores the material has. The slit pores were also suggested in 
the gas sorption isotherm hysteresises seen earlier in Figure 7. The CoAl LDO has 
retained this hexagonal platelet shape, as seen in Figure 9 b and c. 
 
3.2.1.6 EDS 
 
 
Figure 10: EDS of CoAl LDO 
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As seen in Figure 10, CoAl LDO contains Co, Al, O and some Cl impurities. 
The Cl impurities are probably due to the metal salts used to synthesise the initial 
CoAl LDH-2 sample. 
 
3.2.2 Rehydrated CoAl LDO-Na2CO3 and CoAl LDO-NaCl 
 
3.2.2.1 IR 
 
 
Figure 11: IR spectra comparing CoAl LDO-NaCl and CoAl LDO-Na2CO3 
 
The spectra of CoAl LDO-NaCl and CoAl LDH-Na2CO3 are similar, with a 
broad OH stretching vibration at 3360 cm
-1
 and water bending vibration at 
1630 cm
-1
. There are very small vibrations at 1440 and 1400 cm
-1
 respectively in the 
two samples, corresponding to the carbonate vibration. This vibration is in contrast to 
the sharp carbonate peak at 1360 cm
-1
 in the CoAl LDH-2 spectrum. This shows that 
the interlayer anion did not reform very well when the sample was rehydrated in the 
NaCl and Na2CO3 solutions. It was hoped that chlorine would become the interlayer 
anion for the CoAl LDO-NaCl sample. However, it was expected that the carbonate 
interlayer anion would have reformed better in the CoAl LDH-Na2CO3 sample due to 
the carbonate present in the Na2CO3 solution the CoAl LDO was rehydrated in. 
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Previous literature suggests that the “memory effect” and reincorporation of the 
carbonate should have been more successful than observed [19, 35, 66-70]. 
 
3.2.2.2 SEM 
 
a) 
 
b) 
 
Figure 12: SEM images of a) CoAl LDO-Na2CO3 and b) CoAl LDO-NaCl 
 
The SEM images of CoAl LDO-Na2CO3 (Figure 12 a) and CoAl LDO-NaCl 
(Figure 12 b) show both samples retain the hexagonal platelets which were seen in 
the CoAl LDO SEM images in Figure 9. 
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3.2.3 Nickel aluminium LDH 
 
NiAl LDH was a light green precipitate. 
 
3.2.3.1 XRD 
 
 
Figure 13: XRD pattern of NiAl LDH 
 
The XRD pattern for NiAl LDH (Figure 13) was matched to the reference 
pattern of magnesium aluminium hydroxide hydrate (PDF 00-035-0965), which is a 
LDH. This shows that NiAl LDH was successfully synthesised. NiAl LDH has a d 
spacing of 7.890 Å and a domain size of 22.4 nm. 
 
3.2.3.2 IR 
 
As seen in Figure 14, there is an OH stretching vibration at 3470 cm
-1
, water 
bending at 1640 cm
-1
 and carbonate vibration at 1370 cm
-1
, which are all expected 
for a NiAl LDH. There is an extra peak within the OH stretching vibration at 
3605 cm
-1
, which may be due to OH being present in the metal hydroxide layer of the 
LDH as well as interlayer water. 
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Figure 14: IR spectrum of NiAl LDH 
 
3.2.3.3 Gas sorption 
 
Table 3: NiAl Gas Sorption Data 
Single point surface area at p/p
o
 =  0.250327092 41.5 m
2
 g
-1
 
BET surface area 41.9 m
2
 g
-1
 
Langmuir surface area 57 ± 2 m
2
 g
-1
 
t-Plot micropore area 2.6 m
2
 g
-1
 
t-Plot external surface area 39.3 m
2
 g
-1
 
BJH Adsorption surface area of pores between 
17.000 Å and 3000.000 Å width 
37.6 m² g
-1
 
BJH Desorption surface area of pores between 
17.000 Å and 3000.000 Å width 
53.6 m² g
-1
 
Adsorption average pore width (4V/A by BET) 141.8 Å 
 
NiAl LDH has a BET specific surface area of 41.9 m
2
 g
-1
, and shows a Type IV 
isotherm (Figure 15). This isotherm suggests the sample is mesoporous, which 
corresponds to the average pore width of 141.8 Å. The isotherm displays a H3 type 
of hysteresis, which suggests the sample has slit pores. The BJH adsorption pore 
specific surface area is 37.6 m
2
 g
-1
. This is a larger surface area than either of the 
CoAl LDH products, and suggests that NiAl LDH may show a better capacitance 
value than the CoAl LDHs. 
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Figure 15: Isotherm linear plot of NiAl LDH 
 
3.2.3.4 TGA 
 
The initial mass losses seen in the TGA-dTG of NiAl LDH (Figure 16) at 
65 
o
C and 115 
o
C are the loss of adsorbed and interlayer water molecules. The large 
peak at 237 
o
C with a side peak at 259 
o
C is an overlap of the dehydroxylation of OH 
anions and the removal of the carbonate interlayer anion. These mass losses are 
similar to those previously seen in literature for NiAl LDHs [65, 71] 
 
 
Figure 16: TGA-dTG of NiAl LDH 
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3.2.3.5 SEM 
 
The SEM images of NiAl LDH in Figure 17 show hexagonal platelets. The 
platelets are more varied in size than those shown by CoAl LDH-1 in Figure 9 a. 
They also appear to clump together in groups. Slit pores can be seen in the images 
due to the stacking of the platelets, as suggested by the gas sorption isotherm 
hysteresis seen in Figure 15. 
 
a) 
 
b) 
 
Figure 17: SEM images of NiAl LDH 
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3.2.4 Manganese aluminium LDH 
 
MnAl LDH-1 and MnAl LDH-2 were both brown precipitates. 
 
3.2.4.1 XRD 
 
 
Figure 18: XRD pattern of MnAl LDH-1 
 
The XRD pattern for MnAl LDH-1 (Figure 18) was matched to rhodochrosite 
(PDF 01-083-1763). This shows that the synthesis of a MnAl LDH with a carbonate 
interlayer anion was unsuccessful, as rhodochrosite is a manganese carbonate 
(MnCO3). If any impurities are present, they are amorphous. 
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Figure 19: XRD pattern of MnAl LDH-2 
 
Due to the formation of rhodochrosite in MnAl LDH-1, the synthesis was 
altered to reduce the chance of forming carbonate during the synthesis so that 
rhodochrosite would not be the result again. This was achieved by using a co-
precipitation method instead of the urea method, and performing the reaction under 
an argon environment (as seen in Section 3.1.1). Chlorine interlayer anions show a 
greater affinity than nitrate interlayer anions [19], and it was hoped that removing the 
source of nitrogen would limit any impurities. MnAl LDHs with a chlorine interlayer 
anion have been reported previously with no impurities [72, 73] from a similar 
synthesis, but in air rather than argon atmosphere. 
The XRD pattern of MnAl LDH-2 (Figure 19) shows that the sample matches 
hydrotalcite (PDF 00-041-1428), with a major impurity phase of hausmannite 
(Mn3O4) (PDF 00-024-0734). The attempt to limit impurities by removing carbonates 
and nitrogen was unsuccessful. However, an LDH was successfully formed. The 
refinement of cell parameters shows that the parameters are different to other LDHs 
– possibly due to the Cl- interlayer that was present instead of the more common 
carbonate. There was no evidence of rhodochrosite as seen in MnAl LDH-1. The d 
spacing of MnAl LDH-2 is 7.884 Å, with a domain size of 22.4 nm. 
 
3.2.4.2 IR 
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MnAl LDH-1 has an OH vibration at 3320 cm
-1
, which may be due to 
amorphous impurities in the sample which were not seen in the XRD pattern. The 
peak at 1400 cm
-1
 is a carbonate vibration, and expected for rhodochrosite. 
MnAl LDH-2 has an OH stretching vibration at 3400 cm
-1
 and a water bending 
vibration at 1630 cm
-1
. There is no carbonate vibration, due to the incorporation of 
Cl
-
 as the interlayer anion. 
 
 
Figure 20: IR spectra of MnAl LDH-1 and MnAl LDH-2 
 
3.2.4.3 Gas sorption 
 
Table 4: MnAl Gas Sorption Data 
 MnAl LDH-1 MnAl LDH-2 
Single point surface area  at p/p
o
 = 0.252 
 
80.8 m
2
 g
-1
 
at p/p
o
 = 0.251 
 
40.1 m
2
 g
-1
 
BET surface area 82.6 m
2
 g
-1
 40.9 m
2
 g
-1
 
Langmuir surface area 114  ± 3 m
2
 g
-1
 56  ± 1 m
2
 g
-1
 
t-Plot micropore area 10.9 m
2
 g
-1
 5.0 m
2
 g
-1
 
t-Plot external surface area 71.7 m
2
 g
-1
 35.9 m
2
 g
-1
 
BJH Adsorption surface area of 
pores between 17.000 Å and 
3000.000 Å width 
53.2 m² g
-1
 32.9 m² g
-1
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BJH Desorption surface area of 
pores between 17.000 Å and 
3000.000 Å width 
59.1 m² g
-1
 37.8 m² g
-1
 
Adsorption average pore width 
(4V/A by BET) 
45.5 Å 127.9 Å 
 
The BET specific surface area of MnAl LDH-1 is 82.6 m
2
 g
-1
, and has a Type 
IV isotherm (Figure 21 a). This suggests the sample is mesoporous. It has a BJH 
adsorption pore specific surface area of 53.2 m
2
 g
-1
. MnAl LDH-2, which is a LDH, 
has a smaller specific surface area of 40.9 m
2
 g
-1
. MnAl LDH-2 has a Type IV 
isotherm (Figure 21 b) which suggests that the sample is mesoporous. It has a BJH 
adsorption pore specific surface area of 32.9 m
2
 g
-1
. Both isotherms have a H3 type 
of hysteresis, suggesting that both samples have slit pores. It is hoped that the similar 
surface area to NiAl LDH will provide a similar capacitance value when MnAl 
LDH-2 is electrochemically tested. 
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a) 
 
b) 
 
Figure 21: Isotherm linear plots of a) MnAl LDH-1 and b) MnAl LDH-2 
 
3.2.4.4 TGA 
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Figure 22: TGA-dTG of MnAl LDH-2 
 
The initial mass loss seen in the TGA-dTG of MnAl LDH-2 (Figure 22) at 
60 
o
C is the loss of adsorbed water molecules. The peaks at 170 
o
C, 195 
o
C and 
207 
o
C are the removal of interlayer water molecules and the dehydroxylation of OH 
anions. The peak at 440 
o
C is probably the loss of the Cl
-
 interlayer anion. 
Hausmannite is generally thermodynamically stable until approximately 1577 
o
C 
(reported as 1850 K) [74], but can convert to Mn2O3 at temperatures above 500 
o
C 
[75]. This may be the source of the small mass loss at 610 
o
C. 
 
3.2.4.5 SEM 
 
The SEM images for MnAl LDH-1 (Figure 23 a & b) show rhombohedral 
particles, which are the MnCO3 crystals. There are also smaller clumps present 
which may be the amorphous material containing the OH group as discussed under 
the IR results. 
MnAl LDH-2 SEM images (Figure 23 c & d) do not show the hexagonal 
platelets which are characteristic of many LDHs. It is more of a powder like material 
which clumps together. 
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a) 
 
b) 
 
c) 
 
  
52 
 
d) 
 
Figure 23: SEM images of a, b) MnAl LDH-1 and c, d) MnAl LDH-2 
 
3.2.5 Copper aluminium LDH; CuAl LDH-1 and CuAl LDH-2 
 
CuAl LDH-1 was a blue precipitate, while CuAl LDH-2 was a dark green 
precipitate. 
3.2.5.1 XRD 
 
Both CuAl LDH-1 and CuAl LDH-2 show the presence of copper aluminium 
hydrotalcite (a LDH) (PDF 00-046-0099) and copper hydroxide (PDF 01-072-0140). 
The different coloured samples may be due to different ratios of the two phases in the 
samples; however poor data quality makes it difficult to refine and investigate this 
possibility. The d spacing of CuAl LDH-1 is 7.471 Å and CuAl LDH-2 is 7.574 Å. 
They each have approximately the same domain size, of 23.7 and 23.4 nm 
respectively. 
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Figure 24: XRD patterns of CuAl LDH-1 and CuAl LDH-2 
The short aging period used in this synthesis (Section 3.1.1) prevented the 
formation of extra impurities which are commonly seen in copper based LDHs. 
Malachite is commonly formed with long aging times, and when the reaction 
solution is a high pH [76]. Some nitrates easily precipitate at low pHs when metal 
nitrates are used in the metal salt solution [77], however as none are seen in these 
two samples the pH level of the solution must have been sufficiently high enough in 
both reactions to avoid the formation of copper nitrates, but the synthesis time short 
enough to avoid malachite. 
 
3.2.5.2 IR 
 
 
Figure 25: IR spectra of CuAl LDH-1 and CuAl LDH-2 
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CuAl LDH-1 and CuAl LDH-2 both have OH stretching vibrations at 3305 and 
3315 cm
-1
 and water bending vibrations at 1640 and 1600 cm
-1
, respectively. They 
also both have carbonate vibrations at 1480 and 1440 cm
-1
. 
 
3.2.5.3 Gas sorption 
 
Both CuAl LDH-1 and CuAl LDH-2 have Type IV isotherms, as seen in Figure 
26. This suggests they are both mesoporous materials. CuAl LDH-1 has a H3 type 
hysteresis, which suggests that the sample contains slit pores. CuAl LDH-2 appears 
to be a mixture of H2 and H3, which means CuAl LDH-2 may have a mixture of slit 
and cylindrical or spherical pores. They have different BET specific surface areas of 
97.0 m
2
 g
-1
 for CuAl LDH-1 and 24.2 m
2
 g
-1
 for CuAl LDH-2. This suggests that 
CuAl LDH-1 may be a better candidate for use in a supercapacitor, depending on the 
actual capacitance values and stability. The BJH adsorption pore specific surface 
area is 83.2 m
2
 g
-1
 for CuAl LDH-1 and 24.1 m
2
 g
-1
 for CuAl LDH-2. These 
differences may be due to different ratios in the sample of the copper aluminium 
hydrotalcite and copper hydroxide phases. 
 
Table 5: CuAl LDH-1 and CuAl LDH-2 Gas Sorption Data 
 CuAl LDH-1 CuAl LDH-2 
Single point surface area  at p/p
o
 = 0.251 
 
95.3 m
2
 g
-1
 
at p/p
o
 = 0.251 
 
23.8 m
2
 g
-1
 
BET surface area 97.0 m
2
 g
-1
 24.2 m
2
 g
-1
 
Langmuir surface area 132.5 ± 3 m
2
 g
-1
 33.5 ± 1 m
2
 g
-1
 
t-Plot micropore area 14.0 m
2
 g
-1
 Not reported 
t-Plot external surface area 83.0 m
2
 g
-1
 25.6 m
2
 g
-1
 
BJH Adsorption surface area of 
pores between 17.000 Å and 
3000.000 Å width 
83.2 m² g
-1
 24.1 m² g
-1
 
BJH Desorption surface area of 
pores between 17.000 Å and 
3000.000 Å width 
103.5 m² g
-1
 30.5 m² g
-1
 
Adsorption average pore width 
(4V/A by BET) 
198.3 Å 65.0 Å 
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a) 
 
 
b) 
 
Figure 26: Isotherm linear plots of a) CuAl LDH-1 and b) CuAl LDH-2 
 
3.2.6 Copper aluminium LDH; CuAl LDH-3 
 
CuAl LDH-3 was an aqua precipitate. 
 
3.2.6.1 XRD 
 
The XRD pattern of CuAl LDH-3 (Figure 27) shows three phases – copper 
aluminium hydrotalcite (CuAl LDH) (PDF 00-046-0099), copper nitrate hydroxide 
(PDF 00-045-0594) and malachite (01-072-0075). Rietveld refinement to determine 
relative weight percent shows that the main phase is hydrotalcite at 46.6 %, followed 
by malachite at 27.4 % and copper nitrate hydroxide with 26.0 %. This refinement 
56 
 
was performed assuming no amorphous content, as no internal standard was present. 
The d spacing of CuAl LDH-3 is 7.519 Å. The domain size is 23.5 nm. 
 
 
Figure 27: XRD pattern of CuAl LDH-3 
3.2.6.2 IR 
 
 
Figure 28: IR spectrum of CuAl LDH-3 
 
CuAl LDH-3 (Figure 28) has overlapping OH stretching vibrations with points 
at 3395 and 3310 cm
-1
. There is a peak at 1500 cm
-1
 which is a carbonate vibration 
for the malachite contained within the sample [78]. There are two overlapping peaks 
at 1360 and 1350 cm
-1
 which may be carbonate or nitrate vibrations present in the 
copper nitrate hydroxide and copper aluminium hydrotalcite phases. 
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3.2.6.3 Gas sorption 
 
Table 6: CuAl LDH-3 Gas Sorption Data 
Single point surface area at p/p
o
 = 0.251 30.2 m
2
 g
-1
 
BET surface area 30.8 m
2
 g
-1
 
Langmuir surface area 42  ± 1 m
2
 g
-1
 
t-Plot micropore area 1.4 m
2
 g
-1
 
t-Plot external surface area 29.4 m
2
 g
-1
 
BJH Adsorption surface area of pores between 
17.000 Å and 3000.000 Å width 
24.7 m² g
-1
 
BJH Desorption surface area of pores between 
17.000 Å and 3000.000 Å width 
28.6 m² g
-1
 
Adsorption average pore width (4V/A by BET) 110.0 Å 
 
 
Figure 29: Isotherm linear plot of CuAl LDH-3 
 
The BET specific surface area of CuAl LDH-3 is 30.8 m
2
 g
-1
, and has a Type 
IV isotherm plot (Figure 29), suggesting a mesoporous material. The isotherm has 
hysteresis type H3, suggesting slit pores. The BJH adsorption pore specific surface 
area is 24.7 m
2
 g
-1
. 
 
3.2.6.4 SEM 
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The SEM images of CuAl LDH-3 (Figure 30) show thin rectangular particles 
which are collected in ‘flowers’ (the largest being in the bottom of Figure 30 a), 
which are the malachite phase of the sample. There are other particles of various 
shapes and sizes which appear to clump together randomly. 
 
a) 
 
b) 
 
Figure 30: SEM images of CuAl LDH-3 
 
3.2.7 Lead aluminium LDH; PbAl LDH-1 and PbAl LDH-2 
 
PbAl LDH-1 and PbAl LDH-2 were both white precipitates. 
3.2.7.1 XRD 
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The XRD pattern of PbAl LDH-1 (Figure 31) shows a match for hydrocerussite 
(PDF 00-013-0131). This shows that the synthesis of PbAl LDH 1 failed to make a 
LDH – instead hydrocerussite (Pb3(CO3)2(OH)2), a lead carbonate hydroxide was 
formed. The synthesis may be improved by removing carbonate as the interlayer 
anion, as that would prevent the hydrocerussite from forming. 
 
 
Figure 31: XRD pattern of PbAl LDH-1 
 
 
Figure 32: XRD pattern of PbAl LDH-2 
 
The second attempt to synthesise a PbAl LDH was performed using a co-
precipitation method in a nitrogen gas environment (Section 3.1.1). 
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The XRD pattern of PbAl LDH-2 (Figure 32) shows a match for lead oxide 
nitrate hydroxide (PDF 01-073-6711). This shows that despite removing urea from 
the synthesis and performing the synthesis under nitrogen atmosphere to prevent a 
carbonate interlayer anion (and the formation of hydrocerrusite), the synthesis was 
unsuccessful at forming a PbAl LDH. The pH level of the solution may have 
prevented the formation of a LDH, as many LDHs will only form under specific pH 
conditions. The preferable pH value of a solution for the majority of LDHs is 
between pH 8-10, however this can vary depending on the metal cations used [79]. 
As no PbAl LDH has successfully been formed before, it is unknown what the 
preferred pH value is for this synthesis. 
 
3.2.7.2 IR 
 
 
Figure 33: IR spectra of PbAl LDH-1 and PbAl LDH-2 
 
PbAl LDH-1 has a small OH stretching vibration at 3330 cm
-1
, and a carbonate 
vibration at 1395 cm
-1
. This is as expected for hydrocerussite. PbAl LDH-2 has a 
large OH stretching vibration at 3360 cm
-1
 and small water bending vibration at 
1600 cm
-1
. There are also two overlapping peaks at 1330 and 1325 cm
-1
, which are 
nitrate vibrations, due to the sample being lead oxide nitrate hydroxide and the 
absence of carbonate. 
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3.2.7.3 Gas sorption 
 
PbAl LDH-1 and PbAl LDH-2 both show Type IV isotherms (Figure 34) of 
18.2 m
2
 g
-1
 and a BJH adsorption pore specific surface area of 14.9 m
2
 g
-1
. The 
average pore width of 70.6 Å suggests that the sample is mesoporous. PbAl LDH-2 
has a BET specific surface area of 0.9 m
2
 g
-1
 and a BJH adsorption pore specific 
surface area of 0.9 m
2
 g
-1
. The average pore width is 190.4 Å, which shows that the 
sample is mesoporous. This is quite a small surface area, and is a negative feature for 
a supercapacitive material – this sample would be a poor choice to electrochemically 
test. 
 
Table 7: PbAl LDH-1 and PbAl LDH-2 Gas Sorption Data 
 PbAl LDH-1 PbAl LDH-2 
Single point surface area  at p/p
o
 = 0.253 
 
17.8 m
2
 g
-1
 
at p/p
o
 = 0.252 
 
0.9 m
2
 g
-1
 
BET surface area 18.2 m
2
 g
-1
 0.9 m
2
 g
-1
 
Langmuir surface area 25.1 ± 0.8 m
2
 g
-1
 1.30 ± 0.04 m
2
 g
-1
 
t-Plot micropore area 1.4 m
2
 g
-1
 0.07 m
2
 g
-1
 
t-Plot external surface area 16.8 m
2
 g
-1
 0.9 m
2
 g
-1
 
BJH Adsorption surface area of 
pores between 17.000 Å and 
3000.000 Å width 
14.9 m² g
-1
 0.9 m² g
-1
 
BJH Desorption surface area of 
pores between 17.000 Å and 
3000.000 Å width 
17.4 m² g
-1
 1.3 m² g
-1
 
Adsorption average pore width 
(4V/A by BET) 
70.6 Å 190.4 Å 
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a) 
 
 
b) 
 
Figure 34: Isotherm linear plots of a) PbAl LDH-1 and b) PbAl LDH-2 
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3.2.7.4 SEM 
 
The SEM images of PbAl LDH-1 and PbAl LDH-2 (Figure 35) are quite 
different. PbAl LDH-1 (Figure 35 a & b) show a mixture of cubic structures, 
powders and thin shards. The images of PbAl LDH-2 (Figure 35 c & d) show more 
of a uniform powder. 
 
a) 
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b) 
 
c) 
 
d) 
 
Figure 35: SEM images of a, b) PbAl LDH-1 and c, d) PbAl LDH-2 
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3.2.8 Lead aluminium LDH; PbAl LDH-3 
 
PbAl LDH-3 was an orange precipitate. 
 
3.2.8.1 XRD 
 
 
Figure 36: XRD pattern of PbAl LDH-3 
 
The XRD pattern of PbAl LDH-3 (Figure 36) was matched to the reference 
pattern for lead oxide (PbO) (PDF 01-078-1665). The synthesis conditions of this 
reaction may have been too basic to form a LDH.  
 
3.2.8.2 pH results 
 
The lead and aluminium salts solution was initially pH 3.3, and the NaOH 
solution was initially pH 12.4. On addition of the NaOH solution to the metal salt 
solution using a peristaltic pump at a rate of 30 mL minute
-1
, the pH of the reaction 
changed to pH 13.44 after approximately 2 minutes. This slowly decreased to 
pH 13.11 after 8 minutes. Over approximately the next 6 hours, the pH was recorded 
regularly. These results can be seen in Table 3.8. 
It can be seen that the reaction remained approximately at the range of 
pH 12.2-12.7 during this time. The reaction was probably too basic to form a LDH, 
as the most optimal pH range for a LDH to form is pH 8-10 [79]. Further research 
66 
 
will need to be undertaken to determine what pH value is required for the successful 
synthesis of a PbAl LDH. 
 
Table 8: pH Data of PbAl LDH-3 
Time (minutes) pH 
0 12.08 
2 13.44 
8 13.11 
49 12.29 
184 12.72 
259 12.66 
314 12.39 
377 12.41 
 
3.2.8.3 Gas sorption 
 
PbAl LDH-3 has a BET specific surface area of 2.0 m
2
 g
-1
 and a BJH 
adsorption pore specific surface area of 1.8 m
2
 g
-1
. The isotherm (Figure 37) is a 
Type IV, suggesting the sample is mesoporous. The average pore width of 170.2 Å is 
within the mesoporous range. The hysteresis of the isotherm is H3, suggesting that 
the sample contains slit pores. The small surface area and pore surface area suggests 
that this sample would also be a poor choice for a supercapacitive material. 
 
Table 9: PbAl LDH-3 Gas Sorption Data 
Single point surface area at p/p
o
 = 0.253 1.9 m
2
 g
-1
 
BET surface area 2.0 m
2
 g
-1
 
Langmuir surface area 2.8 ± 0.08 m
2
 g
-1
 
t-Plot micropore area 0.2 m
2
 g
-1
 
t-Plot external surface area 1.8 m
2
 g
-1
 
BJH Adsorption surface area of pores between 
17.000 Å and 3000.000 Å width 
1.8 m² g
-1
 
BJH Desorption surface area of pores between 
17.000 Å and 3000.000 Å width 
2.1 m² g
-1
 
Adsorption average pore width (4V/A by BET) 170.2 Å 
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Figure 37: Isotherm linear plot of PbAl LDH-3 
 
3.2.8.4 SEM 
 
The SEM images of PbAl LDH-3 (Figure 38) show cubic structures of various 
sizes – some of the cubes are quite large in comparison to the smallest visible ones. 
This shows that the product did not form uniform particles. 
 
a) 
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b) 
 
c) 
 
Figure 38: SEM images of PbAl LDH-3 
 
3.3 Summary 
 
The CoAl LDH and NiAl LDH samples were successfully formed. MnAl 
LDH-2 and the CuAl LDHs formed LDH phases with impurities. The other samples 
were unsuccessful at forming any LDH phase due to issues with pH levels of the 
reaction solutions and more favourable products forming instead of the LDH. Further 
work is necessary to form samples with greater purity for the copper LDHs and to 
synthesise any lead LDH. In Chapter 6, some of the successful and partially 
successful LDH samples will be electrochemically tested to determine their 
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suitability for use in supercapacitors. In Chapter 4, the synthesis of graphene oxide 
will be discussed. 
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4 Graphene Oxide 
 
In Chapter 3, the synthesis of LDHs in preparation for their use in electrodes 
was discussed. In this chapter, it will be shown how graphene nanosheets (GNS) 
were prepared. These were then used in the synthesis of LDH-GO hybrids, which is 
discussed in Chapter 5. 
One way to synthesise graphene oxide (GO) is by the Hummers-Offeman 
method, commonly known as Hummers method. This method was developed in the 
1950s, and involves the oxidation of graphite to GO using manganese heptoxide 
[40]. The manganese heptoxide is formed in situ from the reaction between 
potassium permanganate and sulfuric acid. The Hummers method is the most 
common way to make GO. It is possible, however, to create toxic gases as a side 
product, and the reaction can be explosive due to the highly reactive nature of 
manganese heptoxide. Removing sodium nitrate, which was added to help oxidise 
the graphite, from the reaction in a modified Hummers method prevents the toxic gas 
production [36]. 
It was found by Kovtyukhova et al. [80] that an additional pre-oxidation step 
prior to performing the modified Hummers method improved the yield of graphite 
that oxidised to GO. The following experimental section is based on this pre-
oxidation step and modified Hummers method. 
 
4.1 Experimental 
 
4.1.1 Modified Hummers method with pre-oxidation step 
 
The pre-oxidation step involved placing K2S2O8 (1 g, ChemSupply), P2O5 (1 g, 
Scharlau), and H2SO4 (98 %, 6 mL, ChemSupply) into a 100 mL beaker to form a 
mixture, which was then heated to 80 
o
C. Once 80 
o
C was reached, graphite powder 
(2 g, Bay Carbon, Inc.) was added. The heat was turned off, and the mixture allowed 
to naturally cool overnight. The mixture was then diluted with water, vacuum filtered 
and allowed to dry. 
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The pre-oxidised graphite was then added to more H2SO4 (98 %, 46 mL, 
ChemSupply). The mixture was placed into an ice-water bath. Then KMnO4 (6 g, 
ChemSupply) was added very slowly. Once all the KMnO4 was added, the mixture 
was removed from the ice-water bath, and heated to 35 
o
C with stirring for 2 hours. 
At the end of the 2 hours, water (92 mL) was added with continued stirring. After 15 
minutes of stirring, H2O2 (30 %, 5 mL, ChemSupply) and more water (280 mL) was 
added. The mixture was then vacuum filtered, washed with water and left to filter for 
several days. 
The collected solid sample was centrifuged twice in water at 5200 rpm for 30 
minutes, using a Thermo Scientific Heraeus Multifuge X1. The sample was then 
mixed in a 1:10 HCl (conc., ChemSupply):water solution, and vacuum filtered to 
remove permanganate salts and other impurities. Once the sample was dry, it was 
centrifuged again in water at 4000rpm for 15 minutes, three times. The sample was 
then centrifuged at 4000rpm for 30 minutes in acetone, and then allowed to dry. 
After impurities were found in the LDH-GO hybrid results (discussed in 
Chapter 5), most of the graphene oxide sample was placed into dialysis tubing with 
water. This dialysis tube was put into a water filled 5 L beaker. The beaker water was 
changed every 1-3 days for 4 weeks. The solution was then removed from the 
dialysis tubing, and placed into Falcon tubes. These were centrifuged at 10 000 rpm 
for 19 minutes. The liquid was removed. Approximately 30 mL of ethanol 
(undenatured, ChemSupply) was then placed into each Falcon tube, and centrifuged 
for 20 minutes. The ethanol was decanted. Another 30 mL of fresh ethanol was 
placed into the Falcon tubes, which were then centrifuged for 15 minutes. The 
ethanol was decanted. The solids were then washed into a dish using minimal 
amounts of ethanol. The dish was placed into a fume cupboard to evaporate the 
ethanol. After evaporation, a dark brown solid remained.  
The samples will be referred to as GO-BD for the GO before dialysis, and 
GO-AD for the GO after dialysis. 
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4.1.2 Graphene nanosheets 
 
The GO-BD sample was sonicated in small amounts at a time using a Branson 
Sonifier 250 horn. Some of the sample was sonicated in water at different time 
intervals (5, 10, 15 and 20 minutes). Other amounts of sample were sonicated in pure 
ethanol for 20 minutes, 1:1 and 1:3 ratios of ethanol:water solutions for 25 minutes. 
All of the suspensions were gravity filtered to remove any GO which did not sonicate 
into nanosheets. 
4.1.3 Sample characterisation techniques and instrumentation 
 
XRD and FT-IR were performed as described in Chapter 3. Transmission 
electron microscopy (TEM) was used to examine graphene oxide samples. This was 
performed using a Jeol JEM-1400 120 kV instrument, with TVIPS F416 CCD 
camera and LaB6 gun, using lacey grids. 
Thermogravimetric analysis-mass spectroscopy (TGA-MS) was performed on 
a TA Instrument Q500 series thermal analyser coupled to a Pfeifer Vacuum 
Thermostar gas analysis system. All samples were heated from 25 
o
C to 1000 
o
C on a 
Pt weighing pan and heated in a nitrogen gas atmosphere 
Raman spectroscopy was performed on a Renishaw inVia Leica Raman 
microscope with a 532 nm laser. 
 
4.2 Results and discussion 
 
4.2.1 Oxidation of graphite to graphene oxide 
 
4.2.1.1 XRD 
 
X-ray diffraction (XRD) patterns were collected of the graphite and GO-BD samples. 
While there are no XRD reference patterns for GO, it can be seen in Figure 39 that 
the XRD patterns for graphite and GO are not the same, suggesting oxidation from 
graphite to GO occurred. The peak seen in the GO-BD pattern is in a similar location 
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to that seen in literature [81, 82]. There are no peaks in the GO pattern in the area for 
graphite from either the reference pattern or collected graphite pattern, suggesting 
that the majority of the graphite oxidised to GO. 
 
 
Figure 39: XRD patterns of GO and graphite 
 
4.2.1.2 Raman spectroscopy 
 
 
Figure 40: Raman spectra of GO and graphite 
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Raman spectroscopy was also able to show that the graphite was oxidised as a 
result of undertaking the pre-oxidation step and modified Hummer’s method. The 
spectra of graphite in Figure 40 show a G-band peak at 1582 cm
-1
, and no significant 
D-band. There is a very slight peak where a D band would appear, due to some 
impurities in the graphite. The spectra of GO-BD and GO-AD in Figure 40 both 
show G-bands at 1583 cm
-1
 and 1579 cm
-1
, respectively. The G-band is the graphite 
structure-derived band, and is normally present around 1590 cm
-1
. It represents the 
hexagonal vibrations of the graphene layers present in both graphite and GO. The 
D-band is the defect-derived band, which is normally found at approximately 
1350 cm
-1
. The addition of prominent D-bands to both GO samples shows sp
3
 
hybridised bonds are present in the samples, and suggests that functional groups have 
attached to the carbon. 
 
4.2.1.3 IR 
 
 
Figure 41: IR spectrum of GO-AD 
 
The addition of functional groups to the graphite is also supported by FT-IR, as 
shown in the spectrum of GO-AD in Figure 41. The appearance of a large hydroxyl 
stretch at 3200 cm
-1
, carbonyl peaks at 1725 and 1620 cm
-1
, and an ether peak at 
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1390 cm
-1
 show the functional groups which are present in the GO-AD sample. 
There are signs of multiple peaks being present in the hydroxyl vibration. This 
suggests both alcohols and carboxylic acids are present on the sample. The two 
carbonyl peaks show a presence of ketones and carboxylic acids. All of these 
oxygen-based functional groups are among those expected to be present in GO [81]. 
 
4.2.1.4 TGA-MS 
 
 
Figure 42: TGA-dTG of GO-BD 
 
 
Figure 43: MS data collected from GO-BD 
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TGA-MS was performed to determine what the mass losses would occur 
during the heating process of GO-BD. The initial mass loss and the peak at 127 
o
C is 
water contained within or absorbed onto the sample. There is a loss of O2 at 
approximately 200 
o
C. The peak at 146 
o
C shows the loss of CO and CO2 due to the 
decomposition of functional groups. This mass loss has previously been seen in 
literature [83]. The peak seen at approximately 230 
o
C is SO2 – this is due to the 
impurity of sulfur within the GO-BD sample. This sulfur impurity is from the 
Hummers method used to oxidise the graphite to GO – the sulfur may have attached 
to the surface of the GO as sulfur based functional groups in place of some of the 
oxygen based functional groups. 
 
4.2.2 Sonication of graphene nanosheets 
 
Sonicating the GO-BD in water resulted in some exfoliation of the GO-BD to 
form GNS. Many of the GNS edges were folded over or curled. Examples of the 
sheets with folded edges can be seen in Figure 44. Smoother areas of GNS do occur, 
as well as some thicker areas. 
 
a) 
 
b) 
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c) 
 
d) 
 
Figure 44: TEM images of water sonicated GO-BD  
 
It was decided to sonicate in ethanol as the alcohol provided a difference in 
surface tension than that of water. Undiluted ethanol resulted in no sheering of the 
GO into sheets. Making solutions with different ratios of water and ethanol was 
attempted. It was found that a ratio of 1:3 ethanol:water resulted in GNS with a more 
desirable ‘flatness’. It was hoped that creating a flatter surface with less folded over 
edges would increase the surface area available for the LDHs to grow upon when 
synthesising LDH-GO compounds (see Chapter 5). Images of the GNS in the 1:3 
ethanol:water ratio can be seen in Figure 45. These images also show that not all 
folds or thick areas were removed, particulary in Figure 45 c. 
 
a) 
 
b) 
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c) 
 
 
Figure 45: TEM images of ethanol/water sonicated GO-BD 
 
4.3 Summary 
 
Graphene oxide was prepared by oxidising graphite powder using a pre-
oxidation step and a modified Hummers method. The GO was then sonicated to 
delaminate into GNS. Varying the ratio of solvents the GO was sonicated in resulted 
in better GNS. These GNS were used to synthesise LDH-GO hybrids, which is 
discussed in the following chapter. 
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5 Layered Double Hydroxide-Graphene Oxide 
Compounds 
 
This chapter will discuss the preparation of layered double hydroxide-graphene 
oxide (LDH-GO) compounds, using the graphene nanosheets (GNS) suspension 
prepared from graphene oxide (GO), as described in Chapter 4. The synthesis of the 
LDH-GO compounds will be similar to the LDH synthesis methods as covered in 
Chapter 3. 
The LDHs chosen for use in the LDH-GO compounds were selected based on 
their synthesis in Chapter 3. As such, CoAl LDH-GO, NiAl LDH-GO, and CuAl 
LDH-GO were chosen, as the first two were successfully made and all are relatively 
easy to synthesise under atmospheric conditions. The LDH-GO compounds were 
then electrochemically tested, as discussed in Chapter 6. 
 
5.1 Experimental 
 
5.1.1 Synthesis 
 
All of the LDH-GO hybrid samples were synthesised using a modified urea 
method. The synthesis was based on the method used by Zhang et al. [62]. A 
suspension of GNS was prepared by sonicating GO (0.6883 g) in a water (187.5 mL) 
and ethanol (62.5 mL) solution for 3 hours and 30 minutes. The sonication was 
paused approximately every 30 minutes and the suspension stirred with a metal 
spatula. 
The modified urea method involved dissolving the metal salts in a solution of 
the above prepared GNS suspension (100 mL) and water (150 mL). The CuAl 
LDH-GO synthesis was altered slightly with GNS suspension (80 mL) added to an 
aqueous metal salt solution (250 mL). Once the metal salts were dissolved, the 
aqueous urea solution (250 mL) was added and the reaction was aged with stirring. 
All the samples were then vacuum filtered and washed with water. The concentration 
of metal salt solutions and urea solutions, temperature and length of aging can be 
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seen in Table 10. The samples are referred to as LDH-GO regardless of synthesis 
success.  
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Table 10: Synthesis Parameters of LDH-GO Samples 
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5.1.2 Sample characterisation techniques and instrumentation 
 
XRD, SEM, EDS, FT-IR, gas sorption, and TGA were all performed as 
described in Chapter 3. 
TEM images were taken using JEOL 2100 200 kV Transmission Electron 
Microscope with Gatan Orius SC1000 CCD camera, and LaB6 gun. The samples 
were mounted on lacey grids. 
Some of the TEM samples were embedded in epoxy resin to allow viewing of 
the cross section. Small amounts of NiAl LDH-GO samples were individually placed 
in epoxy resin and centrifuged to the bottom of the resin. They were then placed in 
an oven for 48 hours to polymerise. Some sections of the resin were then microtomed 
into slices 70-100 nm thick to allow the cross section of the sample to be viewed. 
The slices were placed on a lacey grid for viewing in the TEM instrument. 
 
5.2 Results and discussion 
 
5.2.1 Cobalt aluminium LDH-GO compound 
 
CoAl LDH-GO was pink with greyish tones. 
 
5.2.1.1 XRD 
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Figure 46: XRD patterns of CoAl LDH-1 and CoAl LDH-GO 
 
The XRD results for CoAl LDH-GO (Figure 46) show that the sample formed 
a similar compound to CoAl LDH-1. Both of CoAl LDH-GO and CoAl LDH-1 have 
a good match for the PDF reference pattern 00-048-1024, zinc aluminium carbonate 
hydroxide hydrate. Zinc aluminium carbonate hydroxide hydrate is a layered double 
hydroxide. The similarities of CoAl LDH-GO to this reference pattern and CoAl 
LDH-1’s pattern suggest that a layered double hydroxide was successfully made. It is 
less clear as to whether the CoAl LDH-GO sample contains graphene oxide within 
the LDH structure based on the XRD results. The interlayer spacing has changed 
between the samples, with CoAl LDH-1 having a d spacing of 7.498 Å and CoAl 
LDH-GO having a d spacing of 7.536 Å. This is a more significant change than seen 
later in the NiAl LDH and NiAl LDH-GO samples, and may suggest an addition of 
the GO into the interlayer spacing of the LDH structure. 
 
5.2.1.2 IR 
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Figure 47: IR spectra of CoAl LDH-1 and CoAl LDH-GO 
 
Both CoAl LDH-1 and CoAl LDH-GO have broad hydroxyl stretching 
vibrations at 3390 and 3415 cm
-1
, and a water bending vibration at 1580 and 
1655 cm
-1
,
 
respectively. These both correlate to the expected hydroxide peaks which 
would be present in a LDH due to the bonding between hydroxyls and metal ions. 
There is also a carbonate peak at 1400 and 1360 cm
-1
 in both spectra. 
 
5.2.1.3 TGA 
 
 
Figure 48: TGA-dTG of CoAl LDH-GO 
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The initial mass loss from CoAl LDH-GO (Figure 48) at 140 
o
C can be 
attributed to the loss of interlayer water from the sample. The second mass loss at 
195 
o
C is due to the dehydroxylation of OH
-
 anions into water vapour. The largest 
mass loss at 267 
o
C is due to the carbonate interlayer anion loss, which was evolved 
as carbon dioxide. Mass losses at higher temperatures may be due to the loss of 
oxygen from the LDH and from the GO contained in the sample. These mass losses 
occur in the temperature range of layered double hydroxides suggested in literature 
[65]. These mass losses are similar to those seen in the TGA-dTG of CoAl LDH-2, 
seen in Figure 49. 
After heating to 986 
o
C, there is 66.40 % of the initial mass of CoAl LDH-2 
remaining. The CoAl LDH-GO sample had 67.36 % remaining of the initial mass at 
986 
o
C. The extra 0.96 % can be attributed to the remains of the added GO. The GO 
TGA results (Figure 50) show that the remaining mass at 986 
o
C is 35.27 % of the 
original mass. Therefore, the amount of GO initially occurring in the CoAl LDH-GO 
sample is approximately 2.72 % of the entire sample mass. This result may contain 
errors due to the hydration value of the two LDH compounds, which had not been 
determined. 
 
 
Figure 49: TGA-dTG of CoAl LDH-2 
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Figure 50: TGA-dTG of GO-BD 
 
5.2.1.4 SEM 
 
As can be seen in Figure 51, CoAl LDH-GO has the hexagonal shaped platelets 
that are expected of a LDH material. Most of them appeared to lie in a preferential 
horizontal orientation on the carbon support. It was not possible to see any GO with 
the SEM, particularly as the sample required multiple carbon coatings due to 
charging. 
 
Figure 51: SEM image of CoAl LDH-GO 
 
5.2.1.5 EDS 
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Figure 52: EDS mapping site of CoAl LDH-GO 
 
The EDS seen in Figure 52 was taken from a selected mapping site of CoAl 
LDH-GO, and not from a specific point of the sample. It shows that the sample 
contains carbon (C), oxygen (O), cobalt (Co) and aluminium (Al), with a small 
amount of chlorine (Cl). The detected Cl is probably an impurity from the synthesis 
process, as both metal salts were chlorides. Better washing is required in future to 
ensure this impurity is avoided. 
 
 
Figure 53: EDS map spectrum of CoAl LDH-GO 
 
The sodium (Na) and sulfur (S) present in Figure 53’s map spectrum suggests 
that the GO sample used in the hybrid compound synthesis contained impurities from 
the oxidation process, which remained in the CoAl LDH-GO sample. Some of the 
remaining GO was placed into a dialysis tube to try and purify the sample further, as 
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previously discussed in Chapter 4. It is expected that all the other LDH-GO samples 
will also contain similar impurities as they were all synthesised with GO-BD. 
 
5.2.1.6 Gas sorption 
 
Nitrogen gas adsorption analysis showed that the BET specific surface area of 
the CoAl LDH-GO sample is 8.1 m
2
 g
-1
. This is an increase from both CoAl LDH-1, 
with a specific surface area of 7.7 m
2
 g
-1
, and CoAl LDH-2, which had a specific 
surface area of 6.9 m
2
 g
-1
 (further information on both CoAl LDHs can be seen in 
Chapter 3). This increase may be due to the presence of GO in the sample; however 
the increase between CoAl LDH-1 and CoAl LDH-2 is larger than the difference 
between CoAl LDH-1 and CoAl LDH-GO, suggesting that perhaps the GO made no 
difference and the increase was based on other synthetic parameters. As the surface 
area is larger, a greater capacitance is expected for CoAl LDH-GO than the CoAl 
LDH-1 sample (CoAl LDH-2 was not electrochemically tested for this thesis.) 
The isotherm linear plot shows a Type IV isotherm, with a H3 hysteresis. This 
suggests that the sample is mesoporous, with slit pores. Slit pores are expected with 
the hexagonal platelets this sample is composed of, as seen in the SEM images in 
Figure 51. 
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Table 11: CoAl LDH-GO Gas Sorption Data 
Single point surface area at p/p
o
 = 0.252 8.0 m
2
 g
-1
 
BET surface area 8.1 m
2
 g
-1
 
Langmuir surface area 11.2 ± 0.3 m
2
 g
-1
 
t-Plot micropore area 1.4 m
2
 g
-1
 
t-Plot external surface area 6.8 m
2
 g
-1
 
BJH Adsorption surface area of pores between 
17.000 Å and 3000.000 Å width 
6.0 m² g
-1
 
BJH Desorption surface area of pores between 
17.000 Å and 3000.000 Å width 
6.8 m² g
-1
 
Adsorption average pore width (4V/A by BET) 101.1 Å 
 
 
Figure 54: Isotherm linear plot of CoAl LDH-GO 
 
5.2.2 Copper aluminium LDH-GO compound 
 
Unlike the other LDH-GO samples which were approximately the same colour 
as their LDH counterparts, but with a darker greyish tinge, the CuAl LDH-GO is a 
significantly different colour. The CuAl LDH-GO sample is a greyish tinged green, 
while CuAl LDH-3 is a pale green-aqua colour. The difference in colour can be seen 
in Figure 55.  
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Figure 55: CuAl LDH-GO (left) and CuAl LDH-3 (right) 
 
The other LDH-GO compounds also appear to have the darker GO spread 
throughout the samples, while the GO doesn’t appear to have mixed or formed a 
compound very well in the CuAl LDH-GO. The addition of the GO suspension 
showed an immediate effect on the metal salt solution, changing it from a blue colour 
to an aqua green as soon as it was added, whereas the CuAl LDH-3 solution 
remained blue until the precipitation started to form. The addition of the GO 
suspension may have caused a variation in the products formed from the synthesis 
which was not seen with the other metals. 
 
5.2.2.1 XRD 
 
 
Figure 56: XRD patterns of CuAl LDH-GO and CuAl LDH-3 
 
The XRD pattern for CuAl LDH-GO, as seen in Figure 56, shows that three 
phases have formed in the sample. The sample matches peaks in both PDF 00-046-
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0099 copper aluminium hydrotalcite and PDF 01-072-0075 malachite reference 
patterns. It is generally accepted that CuAl LDH samples contain a malachite phase 
[66, 84], which can be reduced by shortening the aging time during synthesis [76]. 
As both CuAl LDH-GO and CuAl LDH-3 were aged for 48 hours, this malachite 
phase was expected. Further refinement showed that a third phase of copper nitrate 
hydroxide (PDF 00-045-0594) was also present in the sample. Copper nitrates form 
when the pH level of the solution is low, and could be prevented by increasing the 
pH [77]. The pH of this solution must have been low enough to allow the formation 
of copper nitrates (unlike the samples CuAl LDH-1 and CuAl LDH-2, as seen in 
Chapter 3). 
CuAl LDH-GO has similar peaks to CuAl LDH-3, the copper LDH sample 
which had the most similar synthesis to CuAl LDH-GO. However many of the peaks 
had different relative heights or shoulders between the two samples. Refinement of 
patterns suggests the shoulders may be due to the presence of two LDH phases in 
both samples; possibly one may be a monoclinic phase. The CuAl LDH-GO and 
CuAl LDH-3 samples were both slightly different colours; CuAl LDH-GO is dirty 
green, while CuAl LDH-3 is a pale green-aqua, as seen previously in Figure 55. This 
colour difference could be due to different ratios of the three phases in the samples. 
The exact ratios in the CuAl LDH-GO sample are not able to be determined due to 
the lack of a reference pattern of GO, meaning that the refinement cannot specify the 
exact amounts. However there is approximately a ratio of 1:1 of malachite to copper 
nitrate hydroxide in the CuAl LDH-3 sample, compared to an approximate ratio of 
1:2.1 of malachite to copper nitrate hydroxide in the CuAl LDH-GO sample. 
The domain size of the CuAl LDH-GO is 23.6 nm, which is approximately the 
same as the CuAl LDH-3 domain size of 23.5 nm. The d spacing of CuAl LDH-3 is 
7.519 Å, while the d spacing of CuAl LDH-GO is 7.504 Å. 
 
5.2.2.2 IR 
 
The IR spectra for CuAl LDH-3 and CuAl LDH-GO both have peaks at similar 
wavenumbers. Both have two obvious peaks in the OH stretch region at 3395 and 
3310 cm
-1
 and 3400 and 3310 cm
-1
 respectively. Having these multiple OH peaks 
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may be due to both samples being a mixture of CuAl LDH, copper nitrate hydroxide 
(Cu2(NO3)(OH)3), and malachite (Cu2CO3(OH2)). CuAl LDH-GO also has a 
carbonate vibration at 1510 cm
-1
, and overlapping bands at 1380 and 1360 cm
-1
. The 
carbonate vibration at 1510cm
-1
 is for the malachite present in the sample [78]. The 
overlapping bands are carbonate and nitrate vibrations from the copper nitrate 
hydroxide and copper aluminium hydrotalcite phases. These are similar to the 
corresponding peaks in the CuAl LDH-3 spectrum, seen at 1500 cm
-1
 for the 
malachite carbonate peak, and 1360 and 1350 cm
-1
 for the overlapping carbonate and 
nitrate peaks. 
 
 
Figure 57: IR spectra of CuAl LDH-3 and CuAl LDH-GO 
 
5.2.2.3 Gas sorption 
 
Nitrogen gas adsorption analysis shows that CuAl LDH-GO has a BET specific 
surface area of 26.5 m
2
 g
-1
. This is a smaller surface area than CuAl LDH-3, which 
was 30.8 m
2
 g
-1
. This shows that even though the two samples had a similar synthesis 
and similar domain size, the addition of the GO suspension to the synthesis solution 
has changed the ratios present of LDH, copper nitrate hydroxide and malachite, 
which has affected the surface area. 
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The isotherm type of the sample is Type IV, with a H3 hysteresis. This 
suggests that the sample is mesoporous with slit or wedge pores. Due to the varying 
types of particles seen in the SEM images in Figure 59 (in the next section), a variety 
of different pore shapes are probably present in the sample. The CuAl LDH-3 SEM 
images in Figure 30 (Chapter 3) had a more uniform appearance, and probably had a 
larger BJH adsorption pores specific surface area of 24.7 m
2
 g
-1
, compared to CuAl 
LDH-GO BJH adsorption pore specific surface area which is 20.9 m
2
 g
-1
. 
 
Table 12: CuAl LDH-GO Gas Sorption Data 
Single point surface area at p/p
o
 = 0.251 26.0 m
2
 g
-1
 
BET surface area 26.5 m
2
 g
-1
 
Langmuir surface area 36.4 ± 1 m
2
 g
-1
 
t-Plot micropore area 3.8 m
2
 g
-1
 
t-Plot external surface area 22.7 m
2
 g
-1
 
BJH Adsorption surface area of pores between 
17.000 Å and 3000.000 Å width 
20.9 m
2
 g
-1
 
BJH Desorption surface area of pores between 
17.000 Å and 3000.000 Å width 
25.7 m
2
 g
-1
 
Adsorption average pore width (4V/A by BET) 141.5 Å 
 
 
Figure 58: Isotherm linear plot of CuAl LDH-GO 
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5.2.2.4 SEM 
 
a) 
 
b) 
 
Figure 59: SEM images of CuAl LDH-GO 
 
The SEM images of CuAl LDH-GO (Figure 59) show a mixture of particle 
shapes and sizes, unlike the uniform hexagonal particles which are expected of a 
LDH. Some of the circular particles are present, however so are cubic and other 
shapes. This would be due to the presence of at least three phases in the sample. 
Some of the malachite ‘flowers’ observed in the CuAl LDH-3 sample (Figure 30) are 
present in Figure 59 a. 
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5.2.3 Nickel aluminium LDH-GO compound 
 
NiAl LDH-GO was a green with greyish tinges precipitate. 
 
5.2.3.1 XRD 
 
 
Figure 60: XRD patterns for NiAl LDH and NiAl LDH-GO 
 
The XRD pattern of NiAl LDH-GO can be seen in Figure 60. When compared 
to the pattern for NiAl LDH, the peaks appear to be similar, suggesting that NiAl 
LDH-GO was successfully formed as an LDH. Both patterns match the reference 
pattern PDF2 00-035-0965 magnesium aluminium hydroxide hydrate, MgAl LDH. 
With refinement, it can be seen that some of the NiAl LDH peaks have shifted 
slightly to the left compared to the NiAl LDH-GO peaks. This is more predominant 
in the peaks relating to the interlayer spacing, the (0 0 3) peak, which is at 11.29 
o2θ 
for NiAl LDH-GO and 11.21 
o2θ for NiAl LDH. This suggests that the GO has 
intercalated into the sample, as the interlayer spacing has altered. The d spacing 
value for NiAl LDH is 7.890 Å, while the NiAl LDH-GO is 7.832 Å. The domain 
sizes are approximately 20 nm in both samples. 
 
5.2.3.2 IR 
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The IR spectra for NiAl LDH and NiAl LDH-GO (Figure 61) are very similar, 
apart from a visible second peak present in the OH stretch region in NiAl LDH. NiAl 
LDH-GO has a hydroxyl stretch at 3475 cm
-1
, a water bending peak at 1610 cm
-1
 and 
a carbonate vibration at 1365 cm
-1
. The NiAl LDH sample has hydroxyl stretches at 
3605 and 3470 cm
-1
, water bending at 1640 cm
-1
, and a carbonate peak at 1370 cm
-1
. 
 
 
Figure 61: IR spectra of NiAl LDH and NiAl LDH-GO 
 
5.2.3.3 TGA 
 
 
Figure 62: TGA-dTG of NiAl LDH-GO 
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The initial mass loss at 124 
o
C can be attributed to the loss of interlayer water 
from the sample. The second mass loss peak at 230 
o
C is due to the dehydroxylation 
of OH
-
 anions into water vapour. The largest mass loss at 257 
o
C is due to the 
carbonate interlayer anion loss, which is evolved as carbon dioxide. Mass losses at 
higher temperatures may be due to the loss of oxygen from the LDH and from the 
GO contained in the sample. These values agree with previous TGA studies of NiAl 
LDHs [71]. The TGA-dTG of NiAl LDH is shown in Figure 63 for comparison to 
Figure 62. 
 
 
Figure 63: TGA-dTG of NiAl LDH 
 
The remaining mass of the NiAl LDH-GO sample at 987 
o
C was 65.84 % of 
the initial mass. The remaining mass of NiAl LDH (Figure 63) at 987 
o
C was 
64.77 % of the initial mass. The extra 1.07 % of remaining mass in the NiAl 
LDH-GO sample can be attributed to the remaining mass of the GO. As seen earlier 
in Figure 50, there is 35.25 % of the initial mass of GO-BD remaining at 987 
o
C. 
This shows that approximately 3.03 % of the initial mass of the NiAl LDH-GO 
sample is GO, and the rest is LDH. This result may contain errors due to the 
hydration value of the two LDH compounds, which had not been determined. 
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5.2.3.4 SEM 
 
 
Figure 64: SEM image of NiAl LDH-GO 
 
Despite carbon coating the NiAl LDH-GO, severe charging limited the images 
that were able to be taken. It is possible to see some of the hexagonal particles in 
Figure 64 expected for LDHs, and as seen in the NiAl LDH images (Figure 17) in 
Chapter 3.  
 
5.2.3.5 TEM 
 
The TEM images in Figure 65 a and b show some of the NiAl LDH sample, 
while Figure 65 c-f show images from NiAl LDH-GO. Figure 65 a, b, d and e all 
show flat and perpendicular positioned LDH particles, while Figure 65 c and f show 
GO sheets which have curled over upon themselves. It was not possible to find any 
LDH particles attached to GNS in the prepared TEM grids of the NiAl LDH-GO 
samples, which suggests that perhaps the LDH and GO formed a mixture, rather than 
a hybrid compound. This disagrees with what several literature sources suggest [5, 
10, 61-63], which is that the positively charged metal cations attach to the surface of 
the negatively charged (due to the presence of carboxylates on the surface) GO 
sheets. This also disagrees with the difference in d spacing seen earlier in the XRD 
section, which suggests that GNS has been incorporated into the structure of the 
NiAl LDH-GO sample. 
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a) 
 
b) 
 
c) 
 
d) 
 
e) 
 
 
f) 
 
Figure 65: TEM images of a, b) NiAl LDH, c, d, e, f) NiAl LDH-GO 
 
Cross sectional study of a CoAl LDH-NS/GO composite has previously been 
examined in the literature using SEM. These images show that the sample was 
layered loosely [63], but was unable to show any GO sheets within the structure. The 
TEM images in Figure 66 show the cross section of NiAl LDH-GO which had been 
prepared in resin and sliced (as discussed in the Experimental section of this 
chapter). The cross section image in Figure 66 b shows the layering of the sample. 
The spacing between each layer was found to be similar, approximately 0.61 nm, 
suggesting that the sample is uniformly layered. This further supports GO not being 
incorporated into the sample, as it has been seen in previous TEM images that the 
GO sheets fold randomly on itself, forming a wrinkled morphology which would not 
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be seen in uniform layering. This layer spacing is smaller than that seen in the XRD, 
which was 7.832 Å. 
 
a) 
 
b) 
 
c) 
 
d) 
 
Figure 66: Cross section TEM images of NiAl LDH-GO 
 
5.2.3.6 Gas sorption 
 
Table 13: NiAl LDH-GO Gas Sorption Data 
Single point surface area at p/p
o
 = 0.250 44.5 m
2
 g
-1
 
BET surface area 45.0 m
2
 g
-1
  
Langmuir surface area 62.0 ± 2 m
2
 g
-1 
t-Plot external surface area 45.9 m
2
 g
-1
 
BJH Adsorption surface area of pores between 17.000 
Å and 3000.000 Å width 
42.9 m
2
 g
-1
 
BJH Desorption surface area of pores between 17.000 
Å and 3000.000 Å width 
63.7 m
2
 g
-1
 
Adsorption average pore width (4V/A by BET) 145.7 Å 
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Figure 67: Isotherm linear plot of NiAl LDH-GO 
 
Nitrogen gas adsorption of NiAl LDH-GO gave a BET specific surface area of 
45.0 m
2
 g
-1
. The surface area has increased when compared to NiAl LDH, which has 
a specific surface area of 41.9 m
2
 g
-1
. This may be due to the inclusion of GO in the 
NiAl LDH-GO sample, as the domain size, as discussed earlier in the XRD section, 
has decreased for the NiAl LDH-GO sample. 
The isotherm for this plot is Type IV, with a H3 hysteresis. This shows the 
sample is mesoporous, with slit pores. This agrees with the hexagonal platelets seen 
earlier in the SEM images in Figure 64. 
 
5.3 Summary 
 
Cobalt, nickel and copper LDH-GO compounds were synthesised in this 
chapter. The CuAl LDH-GO contained significant impurities. The XRD results 
suggested that the GNS were successfully incorporated into the compounds, however 
the TEM results showed that they may be a mixture of LDHs and GO sheets. Further 
investigation into the structure of these LDH-GO hybrid compounds in the future 
will be required. The next chapter will discuss the cyclic voltammetry testing of 
these compounds and several from Chapter 3. 
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6 Electrodes 
 
In the previous three chapters, the synthesis of LDHs, graphene oxide and 
LDH-GO hybrid materials has been investigated and characterised. In this chapter, 
several of the successfully synthesised compounds will be analysed using cyclic 
voltammetry to determine the capacitance of the compounds. The capacitance of 
these compounds will be used to determine whether they are worth investigating 
further for use as materials in supercapacitors. 
 
6.1 Experimental 
 
6.1.1 Sample electrode paste preparation 
 
Pastes were made to spread the electrode material onto the collector. The 
pastes were made by mixing 80 %wt LDH or LDH-GO sample (powdered using a 
mortar and pestle), 15 %wt carbon black and 5 %wt PTFE (Sigma Aldrich). Once the 
powder was mixed thoroughly, a very small amount of 18.2 MΩ ultrapure water was 
added to dissolve the binder and make the mixture into a paste. The binder in the 
paste was polytetrafluoroethylene (PTFE). Both the PTFE and carbon black were 
used as additives to increase the electrode capacitance and electron transfer due to 
the powdery nature of the LDHs and LDH-GOs [41]. 
 
6.1.2 Electrode production 
 
The chosen collector to make the electrode was nickel foam (Goodfellow), 
with 95 % purity, 95 % porosity and 1.6 mm thickness, and a bulk density of 
0.45 g cm
-1
. The nickel foam was cut to the dimensions as seen in Figure 68. 
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Figure 68: Cut nickel foam dimensions 
 
The cut nickel foam was weighed prior to the addition of paste. A small 
amount of paste was spread on one side of the nickel foam. The paste and foam were 
pressed to approximately 0.5 ton pressure. The foam was weighed again after drying 
overnight under vacuum to determine the mass of the paste which inserted into the 
foam. 
 
Table 14: Mass of Paste on Each Nickel Foam Electrode 
Electrode Mass (g) 
CoAl LDH-1 0.0175 
CoAl LDH-GO 0.0204 
NiAl LDH 0.0257 
NiAl LDH-GO 0.0228 
MnAl LDH-2 0.0315 
CuAl LDH-3 0.0178 
 
6.1.3 Cyclic voltammetry set up and collection 
 
Cyclic voltammetry (CV) was performed to determine the capacitance of the 
electrode materials. Cyclic voltammetry can also provide information about the 
redox reactions occurring within the material, and whether the reaction is reversible 
[59, 85]. 
Cyclic voltammetry was conducted using a three electrode system, where the 
working electrode was the paste pressed nickel foam, the reference electrode was a 
silver/silver chloride electrode, and the counter electrode was a graphite rod. The 
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electrolyte was a 1 M KOH (Chem-Supply) aqueous solution which was made using 
ultrapure 18.2 MΩ water. 
A BioLogic VMP-300 multichannel potentiostat was used to measure the CV 
curves. All reported results were collected at a scan rate of 1 mV s
-1
. 
The capacitances of the electrodes were calculated using two equations. The 
first is seen below: 
 
𝐼𝑎 − 𝐼𝑐
2
= 𝐶 
𝑑𝐸
𝑑𝑡
       Equation 1 
 
In this equation, C is the capacitance in farads; dE/dt is the scan rate of the CV 
run; Ia and Ic are the peak currents at the anodic (oxidation) and cathodic (reduction) 
peaks respectively. An example of these peaks can be seen in Figure 69. 
 
 
Figure 69: CV curve example 
 
The second equation can be seen below: 
𝐶 =
𝑄
∆𝑉
        Equation 2 
The value of Q is calculated by determining the integral of a selected area of 
the CV curve, which then needs to be converted to coulombs. The ΔV is the change 
of voltage in the selected area. The capacitance, C, is given in farads. 
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The capacitance calculated from both equations was used to determine the 
amount of capacitance per gram of paste (including the carbon black and PTFE 
binder). 
 
6.2 Results and discussion 
 
6.2.1 Electrode design 
 
Nickel foam was chosen to be the collector in the electrode, as porous metal 
foam holds the sample in the foam pores, which increases the surface area contact 
between the paste and the collector [16]. The initial consideration for the electrode 
design was how the paste was going to be spread within the nickel foam. The better 
the paste was spread and attached to the collector, the less resistance would occur. It 
was decided the paste would be spread on to an amount of nickel foam, and then 
pressed into the foam. An electrode press was designed to assist in this process. The 
initial design can be seen in Figure 70 a and b. Two steel plates screw together, one 
with an area cut out to fit in the foam and a small steel block. 
 
a) 
 
b) 
 
c) d) 
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Figure 70: a, b) schematic drawings of electrode press design, c, d) actual electrode press 
The finished electrode press can be seen in Figure 70 c and d. The dimensions 
of the press indent are 2.0 cm by 2.0 cm with a small 0.5 cm by 0.8 cm section on the 
top. The steel block is 1.98 cm by 1.98 cm. The corners were rounded to make it 
easier to remove from the press. A small hole (which can be seen in Figure 70 d) was 
put in the block to insert a lever if the block became stuck. The steel block was 
highly polished on one side to help prevent paste attaching to it rather than the foam. 
The nickel foam was cut to the dimensions seen in Figure 68. This allowed for 
room in the electrode press to expand once pressed, easy removal from the press, and 
to allow the 0.5 cm by 0.8 cm section to be attached to electrode wires. The block 
was designed to not press on the electrode wire attaching section. 
Initial testing was done with empty nickel foam in the electrode press. It was 
found that too high a pressure caused the foam to snap between the pressed section 
and the electrode wire attaching section. As this was an undesirable outcome, further 
testing was done until an optimal pressure where the foam did not snap was 
determined. Once this pressure was determined, it was then tested with paste. The 
pressure was reduced until paste entered the foam with the least amount of pressure 
on the foam, as too much pressing reduced the porosity of the nickel foam.  
The paste was then further tested to determine how to better insert the paste 
within the foam. One piece of foam had wet paste, and another piece of foam had 
paste that had been dried under vacuum. Both were pressed. The samples were then 
stored under vacuum and weighed when both were dry to determine how much 
sample had attached to the foam. The wet press method entered the foam easier. All 
electrodes tested in this chapter were made using the wet press method. 
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Pressing with paste showed that pressing lower than 0.5 ton pressure did not 
allow paste to enter the foam. If the pressure was much higher than this, it resulted in 
the paste spreading throughout the electrode press and snapping the foam. 
 
6.2.2 Nickel foam CV 
 
The CV cycle of a sample of nickel foam without any paste or binder was run, 
and can be seen in Figure 71. 
 
Figure 71: CV cycle of nickel foam 
 
Table 15: Capacitance Values (F g
-1
) of Nickel Foam 
 Nickel foam 
Equation 1 0.41 
Equation 2 0.45 
 
These results show that very little of the capacitance found in the following 
samples was caused by the nickel foam, and no significant redox peaks were formed 
due to the nickel foam. 
 
6.2.3 Cobalt aluminium LDHs CV 
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The CV cycles of CoAl LDH-1 and CoAl LDH-GO can be seen in Figure 72. It 
was found that if the voltage was increased above 0.55 V, oxygen evolution began to 
occur. This caused the paste to detach from the nickel foam surface and made 
measuring the CV scans difficult. Therefore, scans were reversed before this could 
occur. 
 
a) 
 
b) 
 
Figure 72: CV cycles of a) CoAl LDH-1 electrode & b) CoAl LDH-GO electrode 
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Both CoAl LDH-1 and CoAl LDH-GO cyclic voltammograms show redox 
peaks. These peaks correspond to the reaction below, which shows only the active 
species within the LDH: 
Co(OH)2 + OH
-
 ↔ CoOOH + H2O + e
-
   Reaction 2 
The peaks are fairly symmetrical, suggesting that the electron transfer is quasi-
reversible, and is based mostly on pseudocapacitive behaviour (rather than EDLC). 
 
Table 16: Capacitance Values (F g
-1
) of CoAl Electrodes 
 CoAl LDH-1 CoAl LDH-GO 
Cycle Number 2 200 2 200 
Equation 1 1120.6 919.6 1162.2 1269.7 
Equation 2 1073.8 990.3 1150.3 1457.1 
 
The capacitance values for the CoAl LDH-1 and CoAl LDH-GO electrodes are 
reported in Table 16. Both compounds had fairly similar surface areas, with CoAl 
LDH-1 being 7.7 m
2
 g
-1
 and CoAl LDH-GO being 8.1 m
2
 g
-1
, which may account for 
the fairly similar initial capacitance readings. However, after 200 cycles CoAl 
LDH-GO increases in capacitance, suggesting that as the redox reaction took place, 
the GNS within the structure may have become more exposed to the electrolyte.  
The capacitance value for the CoAl LDH-GO are similar to literature values, 
such as 1137 F g
-1
 [5]. The values determined for CoAl LDH-1 are larger than those 
previously reported in literature; some of which are 466.5 F g
-1
 [10], 560 F g
-1
 [5], 
447 F g
-1
 [49], and 684 F g
-1
 [8]. 
The specific capacitance of CoAl LDH-1 decreased by 18 % (Equation 1), or 
8 % (Equation 2) from Cycle 2 to Cycle 200. CoAl LDH-GO increased by 9 % 
(Equation 1) or 22 % (Equation 2). 
 
6.2.4 Nickel aluminium LDHs CV 
 
The cyclic voltammograms of NiAl LDH and NiAl LDH-GO can be seen in 
Figure 73. Oxygen evolution also occurred if the voltage went above 0.6 V with 
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these samples. Future work on these electrodes should involve investigating other 
suitable electrolytes other than the one used, KOH, as oxygen evolution caused the 
pastes to fall off the electrodes. Some literature in this area has already investigated 
electrolytes such as LiOH which may be more suitable as it increases the capacitance 
of the electrodes; however it may not prevent the oxygen evolution [9, 86]. 
 
 
a) 
 
b) 
 
Figure 73: CV cycles of a) NiAl LDH electrode & b) NiAl LDH-GO electrode 
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Due to the limited voltage range, an oxidation peak is not easily seen in the 
NiAl LDH voltammogram. It becomes more pronounced in the NiAl LDH-GO 
voltammogram, which also has a second reduction peak. 
The reaction occurring can be seen below, which only shows the active species 
within the LDH: 
Ni(OH)2 + OH
-
 ↔ NiOOH + H2O + e
-
    Reaction 3 
There is an additional reaction occurring in the NiAl LDH-GO CV, which 
corresponds to the reduction peak at 0.277 V. This reaction is not seen in the NiAl 
LDH cycle. This peak may be due to an additional reaction occurring, such as: 
Ni(OH)2 + 2e
-
 ↔ Ni + 2OH-     Reaction 4 
It is unknown what reaction is occurring, due to the lack of corresponding 
oxidation peak. Further investigation is required to determine the actual reaction 
occurring for this 0.277 V peak. 
The peaks are less symmetrical than the CoAl electrodes. The NiAl electrodes 
may still be quasi-reversible; however it would be beneficial to find an electrolyte 
which does not decompose above 0.6 V and run multiple cycles to investigate this 
further. 
 
Table 17: Capacitance Values (F g
-1
) for NiAl Electrodes 
 NiAl LDH NiAl LDH-GO 
Equation 1 297.4 1606.6 
Equation 2 175.0 1125.7 
 
The capacitance values in Table 17 show that there is a significant increase in 
specific capacitance between NiAl LDH and NiAl LDH-GO. The incorporation of 
GNS in the material has increased its viability to be a useful material in 
supercapacitors. The surface are of NiAl LDH is 41.9 m
2
 g
-1
 and of NiAl LDH-GO is 
45.0 m
2
 g
-1
, so there is not a large surface area change to contribute to the large 
capacitance value changes. The capacitance values of NiAl LDH are similar to those 
seen previously in literature, such as 140 F g
-1
 [18], 116.3 F g
-1
 [64], and 361.97 F g
-1
 
[58]. The NiAl LDH-GO has a larger capacitance than that seen in literature NiAl 
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LDH and graphene based compounds, which has been 565.87 F g
-1
 [58] and 
260.6 F g
-1
 [64]. 
 
6.2.5 Manganese aluminium LDH CV 
 
The CV cycles of MnAl LDH-2 can be seen in Figure 74. 
 
Figure 74: CV cycles of MnAl LDH-2 electrode 
 
The reaction occurring can be seen below, which only shows the active species 
within the LDH: 
Mn(OH)2 + OH
-
 ↔ MnOOH + H2O + e
-
   Reaction 5 
The symmetrical peaks suggest that the reaction is quasi-reversible. The shift 
of the oxidation and reduction peaks between the cycle number 2 and cycle number 
200 suggests that not all of the material has been reverse reacted throughout the 
cycles. It is possible that the compound has changed the interlayer anion from Cl
-
 to 
CO3
-
. Characterisation of the electrode material after CV cycling needs to be 
undertaken to determine how the compound alters during this testing. 
 
Table 18: Capacitance Values (F g
-1
) of MnAl LDH-2 Electrode 
 MnAl LDH-2 
Cycle Number 2 200 
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Equation 1 701.6 546.5 
Equation 2 663.5 548.9 
 
The specific capacitance values in Table 18 show that the MnAl LDH-2 
electrode has a higher capacitance than that reported in previous attempts of making 
MnAl LDHs. The reported literature on MnAl LDH as supercapacitive materials 
shows that the compound made was actually a mixture of Mn2O3 and Mn3O4 with a 
capacitance of 64.6 F g
-1
 [7]. MnAl LDH-2 shows a significant increase with 
701.6 F g
-1
 (Equation 1), showing that when a MnAl LDH can be successfully 
synthesised, it shows promise to be used as a material in a supercapacitor. 
The capacitance values between cycle 2 and cycle 200 decreased by 23 % 
(Equation 1) or 18 % (Equation 2). 
 
6.2.6 Copper aluminium LDH CV 
 
 
Figure 75: CV cycle of CuAl LDH-3 electrode 
 
The cyclic voltammogram of CuAl LDH-3 can be seen in Figure 75. The 
voltammogram shows that the reaction is irreversible. More cycles of the electrode 
need to be run to investigate further. Unlike other electrodes, CuAl LDH-3 
underwent reduction before oxidation. 
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The reduction peak is the reduction of Cu
2+
 ions to metallic copper. The 
oxidation peak is metallic copper oxidising to Cu
2+
 ions. It has been shown that the 
size of the oxidation peak increases as the concentration of cupric ions in the sample 
increases – the peak may be so large in comparison to the reduction peak due to the 
concentration of copper in the sample [87]. Hydrogen evolution generally occurs at 
approximately -0.5 V, which may contribute to the slight dip seen at approximately -
0.6 V in the cycle. 
Due to the irreversibility of this reaction, the oxidation peak may be a 
formation of materials other than the CuAl LDH, malachite and copper nitrate 
hydroxide phases which were originally in the sample (as seen in Chapter 3). 
 
Table 19: Capacitance Values (F g
-1
) of CuAl LDH-3 Electrode 
 CuAl LDH-3 
Equation 1 1018.6 
Equation 2 1349.4 
 
The specific capacitances in Table 19 appear quite large – however they may 
not be an accurate result due to the asymmetrical nature of the voltammogram they 
were calculated from. The equations generally assume a symmetrical voltammogram. 
 
6.3 Summary 
 
Several of the electrodes, including CoAl LDH-1, CoAl LDH-GO, NiAl 
LDH-GO and MnAl LDH-2 show good specific capacitance values. Further 
investigation is required with the NiAl samples and CuAl LDH-3 sample to 
determine whether they are able to maintain their level of specific capacitance 
effectively. CuAl LDH-3 requires more research into the reactions occurring during 
the redox process. Altering the electrolyte and collector may also improve the 
electrochemical properties of the electrodes. 
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7 Conclusions 
 
In this work, CoAl and NiAl LDHs were successfully synthesised with high 
purity. The MnAl and CuAl LDHs that were synthesised however contained major 
impurities of hausmannite for MnAl, and copper hydroxide or copper nitrate 
hydroxide and malachite for CuAl. Several factors, such as the pH of the solution 
and types of metal salts used, may be able to reduce the amount and types of 
impurities found in these samples. As of yet, no PbAl LDH was successfully 
synthesised due to pH levels of the solution and reactions favouring other products. 
The undesired products hydrocerussite, lead oxide nitrate hydroxide and lead oxide 
were produced from the three attempted syntheses of PbAl LDH. Altering the metal 
salts, using a nitrogen atmosphere and altering the pH of the synthesis solution was 
able to change the product formed. However, none of these were a PbAl LDH 
sample, and further refinement of the synthesis process is required. 
Graphene oxide was successfully prepared using a pre-oxidation step combined 
with a modified Hummers method, however the product contained impurities such as 
sulfur. The GO was delaminated into GNS in ethanol/aqueous solutions for 
incorporation into LDHs to form LDH-GO samples. Not all of the GO was 
successfully delaminated, and the resulting suspension was gravity filtered to remove 
the non-delaminated sections. 
CoAl LDH-GO and NiAl LDH-GO samples successfully formed as LDH 
phases. CuAl LDH-GO formed as a LDH phase, however it had a major impurity of 
malachite. The XRD result suggests that GNS is located within the NiAl LDH-GO 
sample due to a change in d spacing. However, the TEM images show that NiAl 
LDH-GO is a mixture of LDH and GNS. 
From the cyclic voltammograms, CoAl LDH-GO and NiAl LDH-GO have the 
best capacitance values and appear most suitable for use in a supercapacitor. CoAl 
LDH-GO had a specific capacitance of 1162.2 F g
-1
 at cycle 2 (Equation 1) and NiAl 
LDH-GO had a specific capacitance of 1606.6 F g
-1
 on cycle 1 (Equation 1). The 
stability of CoAl LDH-GO and increase of the capacitance to 1269.7 F g
-1
 (Equation 
1) suggests that CoAl LDH-GO is definitely worth further investigation as a 
supercapacitor material. 
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MnAl LDH-2 has a reasonable capacitance, but was not as stable due to the 
loss of 23 % of the initial capacitance (Equation 1). Further investigation of this 
sample to determine whether this lack of stability is due to the LDH or the 
hausmannite impurity should be carried out. It would be worth incorporating GNS 
into the structure to analyse the capacitance of a MnAl LDH-GO. 
CuAl LDH-3 did not appear to be a suitable material for a supercapacitor due 
to the irreversible cycle. However, it would be worth further investigating to 
determine whether it is truly irreversible as cycle 1 suggests. 
 
7.1 Future work 
 
Several further investigations are required as part of the current research.  
Improvement of the electrode design should be undertaken to achieve better 
electrochemical testing results, such as using different collectors, electrolytes or 
binders. This would prevent the destruction of electrodes by paste falling away from 
the foam due to oxygen evolution, and perhaps improve the capacitance from using 
more suitable electrolytes and reducing resistance. 
Further CV testing should be undertaken. The NiAl LDH and NiAl LDH-GO 
samples should be tested to determine the stability of the electrode. The CuAl LDH-3 
sample should be further tested to investigate whether the electrode is irreversible 
and if other redox reactions occur after the initial cycle. 
Characterisation of the MnAl LDH-2 sample on the electrode should be done 
after performing CV to see whether the sample has changed phase. 
Other electrochemical testing on all electrodes, such as galvanostatic charge-
discharge testing and electrochemical impedance spectroscopy should be performed. 
Galvanostatic charge-discharge testing would give more reliable capacitance values. 
Electrochemical impedance spectroscopy would give the amount of resistance within 
the system. 
There are also future research opportunities which have become apparent from 
this work. More synthesis of new LDHs and incorporation of GO into these LDHs 
should be performed. This could be achieved through thermodynamic modelling of 
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free energy and looking at a wider variety of transition metals, including altering the 
Al
3+
 ion. 
The synthesis route (urea or co-precipitation method etc.) should be 
investigated to determine whether it has an effect on the electrochemical 
performance of LDHs. Techniques and analytical instruments which were not used 
thus far, such as atomic force microscopy, should be used to further examine the 
inconclusive results about GNS intercalation into the LDH structure. Atomic force 
microscopy will give information about the surface of the material, and may be able 
to determine changes in between the layers of the sample. 
Chemisorption studies should be undertaken to determine the active sites and 
electron pathways undertaken during charge- discharge cycles of the LDH materials. 
This will determine the areas that the electrolyte should reach and help determine an 
optimal particle size for the samples. 
The structure and swelling size of GNS intercalated LDHs during charge-
discharge cycles should be examined, as size changes in active materials can affect 
the supercapacitor design. If the active material swells larger than the case of the 
supercapacitor, it may burst and destroy the supercapacitor. This investigation of 
swelling size and structure will require use of a synchrotron to perform in-situ 
powder XRD. 
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